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ABSTRACT
A total of 374 non-surgically recovered bovine embryos
(EMB) was used to evaluate in vitro culture systems for
micromanipulated (MICRO) EMB and to assess EMB development
following various MICRO procedures.

In Experiment I,

viability at 12, 24, 36, 48, 60 and 72 h of culture for 39
demi-embryos (DE) in Ham's F-10 with 10% FCS (HF-10) was
43, 41, 33, 28, 21 and 18% compared with 69, 69, 69, 67, 62
and 62% for DE cocultured with bovine uterine fibroblasts
(BUF) in HF-10.

These results demonstrate the BUF cocul

ture system's superiority to HF-10 for culturing bovine DE.
Experiment II was conducted to assess quartering
blastocyst stage EMB.

In Trt (A) 15 EMB were MICRO into

quarter embryos (QE).

In Trt (B ) 15 EMB were bisected into

DE, cultured for 2 to 4 h and split into QE.
(IE) in Trt (C) served as non-MICRO controls.

Intact EMB
Fifty-four

QE produced in Trt (A) and 34 QE produced in Trt (B) were
cocultured with BUF in HF-10 as were IE in Trt (C).

Eight

QE (14.8%) in Trt (A) and 6 QE (17.6%) in Trt (B)
re-expanded into blastocysts while 10 (66.6%) of the IE in
Trt (C) were viable in culture.

These data suggest that

blastocyst stage EMB cannot be split into viable QE using
this technique.
The effect of puncturing the zona pellucida (ZP) on

x

in vitro blastocyst hatching was evaluated in Experiment
III.

Seventy-five blastocysts were equally allotted across

three Trt.

Using MICRO techniques the ZP of EMB were

punctured at the ICM (Trt A) or apex of trophoblast (Trt B)
while EMB in Trt (C) were non-MICRO controls.
cocultured with BUF cells in HF-10.

All EMB were

Time at which hatching

was initiated and size of hatched blastocysts were similar
across Trts.

EMB in Trt (A) and (B) completed hatching

earlier (P<.05) than control EMB (48.9+5.8, 43.5+4.4 and
61.1+4.8 h, respectively).

One EMB in Trt (A) and (B)

split into half EMB via hatching through the ZP puncture.
In Experiment VI, pregnancy rates for non-surgically
transferred IE (n=91) and DE (n=123) were 46.2% and 37.4%,"
respectively.

Pregnancy rates for DE transferred with and

without a ZP were 39.7% and 34.0%, respectively.

MICRO of

EMB can be conducted while maintaining acceptable pregnancy
rates and replacing DE in a ZP is not a prerequisite for
successful non-surgical transfer.

CHAPTER I
LITERATURE REVIEW
Introduction
In recent years, bovine embryo transplantion has
become an integral part of modern beef and dairy cattle
management programs.

Major progress towards practical

application of embryo transplant techniques occurred in the
middle to late 1970’s when strategies for non-surgical
embryo recovery and transfer were developed.

Along with

this, methods were developed for successful freezing and
long-term storage of embryos in liquid nitrogen.
The most recent technique under investigation for
embryo transplantion is the use of micromanipulation
procedures to split non-surgically recovered bovine embryos
of later stages into "half" or demi-embryos.

The demi-

embryos can then be non-surgically transferred to recipient
females.

This procedure, if applied to routine commercial

embryo transplants, could double the number of embryos
available for transfer following each donor collection.
Benefits would occur due to increased production of progeny
from valuable donor females and from production of mono
zygotic twin offspring.

Monozygotic twins would be

valuable as research models.

Also, as embryo freezing

techniques improve, there exists the possibility of
freezing one demi-embryo of a pair for storage until the
offspring produced for the second demi-embryo of the pair
1
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is performance tested.

Embryo micromanipulation also is a

method by which a small sample of cells could be recovered
from an embryo and karotyped for sex determination of the
potential calf.
To perform embryo transplants and micromanipulation
requires that embryos be held iji vitro for varying lengths
of time.

Thus, in vitro culture techniques are crucial for

the success of these procedures.

A considerable amount of

research has been conducted to evaluate in vitro culture
requirements and metabolic function of embryos from
laboratory animals.

Similar information is presently

lacking for embryos of domestic farm animals.
The following discussion reviews the development of
embryo micromanipulation techniques and the basic
requirements for dji vitro culture of mammalian embryos.
Both areas have made major contributions to the under
standing of early embryonic development and are important
for application of current embryo transplant procedures.

PART I
MICROMANIPULATION OP MAMMALIAN EMBRYOS
Early Studies with Micromanipulation
The earliest studies in embryo micromanipulation
primarily involved destruction of a single blastomere of
two-cell embryos to evaluate the developmental capacity of
the remaining single blastomere.

Pincus {1936) observed

development of blastocysts from single blastomeres of
two-cell rabbit embryos transferred to the oviduct of
pseudopregnant does. Similar results were reported by
Nicholas and Hall (1942) who obtained pregnancies from
isolated blastomeres of two-cell rat embryos.

Unfortunate

ly no pregnancy proceeded beyond 10 days of gestation in
this study.

Seidel (1952) was the first to succeed in

producing live offspring from single blastomeres of
two-cell rabbit embryos.

Two fertile offspring resulted

from this procedure demonstrating that totipotency of
isolated blastomeres of two-cell rabbit embryos was
possible.
Tarkowski (1959) conducted the first elaborate evalua
tion of the developmental capacity of isolated blastomeres.
A total of 175 single blastomere mouse embryos was produced
by destroying one blastomere of two-cell stage embryos.
Transfer of the micromanipulated embryos to recipient
females resulted in an implantation rate of 30.8%.

Preg

nant recipients were sacrificed on days 5 through 15 of
3

4

gestation to observe conceptus development.

On days 5 to

10 of gestation, fetuses developing from "half" embryos
were approximately half the size of identical age fetuses
produced from intact control embryos.

By the eleventh day

of gestation, fetuses from "half" embryos and intact
embryos were of similar size.

Three recipient females gave

birth to six offspring produced from "half" embryos all of
which were normal and fertile.

This study provided further

evidence of the totipotency of early cleavage stage blasto
mere and provided insight into the degree of cellular
remodeling which can occur to compensate for early embryo
nic losses.
Using a novel approach, Daniel and TaTcahashi (1965)
destroyed all but one blastomere of two-, four- and eight
cell rabbit embryos using a laser beam.

The embryos were

then cultured in vitro to observe development of the
remaining unlased blastomere.

"Half" and "quarter" embryos

regularly developed in culture while single blastomeres
from eight-cell embryos were less consistent in their
ability to develop.
In a later study, Moore et al. (1968) demonstrated the
ability of single blastomeres from two-, four- and eight
cell rabbit embryos to develop into normal offspring when
transferred to recipient does.

It was noted that the

ability of the micromanipulated embryos to develop iji vivo
was dependent on the presence of an intact zona pellucida
following micromanipulation and that fewer single blasto-
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meres from four- and eight-cell embryos developed into
viable fetuses than did those from two-cell embryos.
In a second study, Moore et al.

(1969) observed that

17 of 22 four- to six-cell porcine embryos (77%) survived
to day 7 or 8 in recipient females following zona puncture
while only 17 of 48 similar embryos (35%) survived follow
ing destruction of all but one blastomere.

No embryos

survived when single blastomeres were injected into evacu
ated zonae. This study demonstrated that minor disruption
of the zona pellucida could be tolerated by embryos as
indicated by continued in vivo development.

The authors

suggested that the marked decrease in viability of isolated
blastomeres may have been due to physical damage induced
during the manipulative procedure.
These techniques of blastomere isolation are limited
by the fact that some of the embryonic cells must be
destroyed.

This technique does, however, leave the zona

pellucida relatively intact.

Without an intact zona

pellucida, isolated blastomeres of early cleavage stage
embryos from mice (Bronson and McLaren, 1970; Modlinski,
1970) and sheep (Trounson and Moore, 1974a) do not develop
in vivo.

Zona-free blastomeres of these species must be

cultured in vitro until compaction and/or blastulation in
order to survive following transfer to recipient females
(Bronson and McLaren, 1970; Trounson and Moore, 1974a).
One- and two-cell rabbit embryos also require a zona
pellucida for normal development in vitro (Edwards, 1964).

6

Thus not until a technique was developed for replacing
the zona pellucida of naked blastomeres could all the
blastomeres of early cleavage stage embryos be preserved
for subsequent evaluation.
Current Blastomere Separation Techniques
Willadsen (1979) described a technique by which each
blastomere isolated from early cleavage stage sheep embryos
could be encased in a surrogate zona pellucida and cultured
prior to transfer to recipient animals.

The technique

involved mechanical removal of the zona pellucida and
gentle aspiration to separate the blastomeres.

Each of the

isolated blastomeres was reinserted into an evacuated zona
pellucida.

The zona-encased single blastomeres were then

embedded in two cylinders of agar each formed by sequen
tially aspirating the zona-encased blastomere and liquid
agar into a small bore and then a large bore pipette.

As

the agar solidified the embryo was sealed within the small
agar cylinder which was immediately embedded within the
larger agar cylinder.
With Willadsen's technique, the agar embedded
blastomeres were transferred to the ligated oviduct of
recipient ewes for temporary culture.

After 3.5 to 4.5

days the agar cylinders were recovered from the oviduct and
the developing embryos

dissected free of the agar.

The

embryos (blastocysts stage) were then retransferred to the
uterus of recipient ewes.
A total of 61 two-cell ovine embryos were used in the

7

original assessment of this blastomere separation technique
{Willadsen, 1979).

Following microsurgery, 33 blastomere

pairs survived the manipulation process and 31 were
successfully embedded in agar and transferred to the ovi
duct of recipient ewes.

Twenty pairs were subsequently

recovered from the oviduct of which 35 single blastomere
embryos had developed normally (16 monozygotic pairs).

The

16 monozygotic pairs were freed from the agar cylinders and
transferred as twin pairs to synchronous recipient ewes.
Of the 16 recipients, 11 pregnancies resulted, and 10 of
the pregnancies went to term producing five sets of twins
and five single lambs.

Even though considerable embryonic

loss occurred during micromanipulation, this procedure
proved excellent for handling isolated blastomeres for
subsequent transfer.
In a second experiment, Willadsen (1980) used these
same techniques to demonstrate that viability was similar
for two-, four- and eight-cell sheep embryos containing
half the number of blastomeres.

In addition, 12 "half"

embryos were frozen and stored prior to transfer while each
corresponding "half" embryo
ing collection.

was transferred fresh follow

Three pregnancies resulted from the

subsequent transfer of the frozen "half" embryos producing
monozygotic twin siblings each of a different age.
This technique has also been used to produce two sets
of twin foals each from single blastomeres of four-cell
embryos, twin piglets from "halves" of two-cell and four-
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cell embryos (Willadsen, 1982) and triplet calves from
blastomere pairs of eight-cell bovine embryos (Willadsen
and Polge, 1981).
In another report, Willadsen et al. (1981) used
blastomere separation and agar embedding to produce "half"
embryos from day 5 or 6 and "quarter" embryos from day 5
bovine embryos.

Ninety-two percent of the "half" embryos

and 73% of the "quarter" embryos recovered following
culture in the sheep oviducts appeared to have developed
normally.

Following surgical transfer of twin "half" and

"quarter" embryos to recipient females, 75% and 41%,
respectively,

of the recipients were pregnant at 50 days.

No live births were reported in this study.
"Half" and "quarter" embryos can also survive deep
freezing in liquid nitrogen.
(1983)

Lehn-Jensen and Willadsen

observed that 70% and 7 5% of "half" and "quarter"

embryos, respectively, appeared normal following frozen
storage. The pregnancy rate of frozen-thawed "half" embryos
surgically transferred as pairs to recipients was similar
to intact embryos, however, no pregnancies resulted from
the transfer of frozen-thawed pairs of "quarter" embryos.
This agar embedding technique has allowed for a more
extensive evaluation of developmental capabilities of
isolated blastomeres compared with earlier studies using
blastomere separation.

However, these techniques are too

elaborate for practical application to routine production
of twin bovine embryos by micromanipulation.

9

Embryo Splitting
Embryo splitting differs from blastomere separation in
that the former involves dividing or cutting the entire
embryonic cell mass of a later-stage embryo into equal
portions.

The later technique invovles separating

blastomeres of early cleavage stages by gentle aspiration.
Since embryo splitting can be performed on later-stage
embryos that have advanced through cell compaction, the
resulting "half" embryos can withstand immediate transfer
to recipients, without agar embedding and culture in an
intermediate host.

Trounson and Moore (1974b) reported an

attempt to produce identical twin offspring by mechanically
dividing morula and blastocyst stage sheep embryos into
halves. When 82 "half" embryos were cultured for 24 hours
only 24 were considered normal.

Nineteen "half" embryos

were transferred to recipient females producing two lambs,
each from halves of different embryos.
The first report of monozygotic twin offspring born
following splitting of embryos was that of Moustafa and
Hahn (1978).

In this study, morula stage mouse embryos

were split into halves before transfer to recipient
females.
In 1982, three different research groups each reported
techniques for producing monozygotic twin offspring by
splitting later stage bovine embryos.

Ozil et al. (1982)

described a technique in which five microinstruments were
used to bisect very early blastocyst stage embryos into
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"half" embryos.

A pregnancy rate of 64.2% and a twinning

rate of 66.6% was achieved following non-surgical transfer
of 14 pairs of monozygotic twin embryos to recipient
females.
Williams et al. (1982) described the use of a razor
blade chip as a microscalpel for bisecting day 5.5 to 7
bovine morulae and very early blastocysts.

A total of 20

pairs of bisected embryos were surgically or non-surgically
transferred to recipient females.

Nine of 14 recipients of

surgically transferred embryos (64%) and-one of six recip
ients of non-surgically transferred embryos (17%)
maintained pregnancy following transfer.
The third micromanipulation technique involved the use
of a finely drawn glass needle to bisect day 6.5 bovine
embryos on a vertical plane (Lambeth et al., 1982; 1983).
The pregnancy rate for the non-surgical transfer of pairs
of micromanipulated "half" embryos was 62.5% while single
"half" embryos transferred to recipients produced a 16.6%
pregnancy rate.
In each of these three experiments only late morulae
or very early blastocysts were used for split-embryo
transfers.

Detailed techniques for successful bisection of

blastocyst and expanded blastocyst stage bovine and ovine
embryos have recently been reported (Ozil, 1983; Willadsen
and Godke 1984).
Reports of field trials using micromanipulation
techniques to increase the number of embryos available for
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transfer indicate that with experienced technicians "half"
embryo pregnancy rates will be similar to those achieved
with the transfer of intact embryos.
(1984)

Williams et al.

reported pregnancy rates ranging from 16% for

micromanipulated early morulae stage embryos to 60% for
early blastocyst stage embryos.

The overall pregnancy rate

for all transfers was 48%; however, a control group of
similar stage intact embryos was not reported for compar
ison.

Baker et al. (1984) achieved somewhat higher preg

nancy rates for surgically transferred intact embryos (79%)
compared with "half" embryos (68%).

A higher pregnancy

rate occurred with "half" embryos left in the parent zona
pellucida (74%) than for "half" embryos placed into a
foreign zona pellucida prior to transfer to recipient
females (61%).

Mechanical damage to the "half" embryo when

placed into the foreign zona was suggested to have affected
the lower pregnancy rate for these transfers.
Concluding Remarks
Micromanipulation techniques have evolved from
relatively crude methods of blastomere destruction to
elegant techniques for blastomere separation and recombi
nation.

These early investigations ultimately led to

development of techniques for splitting later-stage bovine
embryos in a manner compatible with standard non-surgical
embryo recovery and transfer procedures.

These techniques

are now available for use in research and commercial
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application at embryo transfer centers.
PART II
IN VITRO CULTURE REQUIREMENTS OF MAMMALIAN EMBRYOS
Background
The basic knowledge of embryo culture techniques has
been developed as the result of extensive research in cell
culture.

Cell culture techniques were then applied to

laboratory animal embryos which are relatively inexpensive
and easy to obtain in large number.
Major advancements in cell culture began with the
discovery of serum requirements for the growth of cells in
vitro (Carrel, 1912).

In 1916, Rous and Jones described

the first report of serial passages of cells in culture.
The established lines of HeLa and mouse L-cells were used
as a model for Eagle (1955) to study the nutrient require
ments of cultured mammalian cells.

These studies served as

a base for development of mammalian cell culture techniques
and _in. vitro culture requirements of mammalian embryos.
The majority of the information concerning specific
nutrient requirements of embryos is based on studies with
laboratory animals.

Not until 1976, when non-surgical

embryo collection techniques were developed for cattle,
were bovine embryos readily available for proper experimen
tation.

Even so, the relative cost and difficulty in

obtaining embryos from large animals has limited the
quantity and the quality of research conducted in certain
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areas of interest.
Serum, Protein and Nitrogen Sources
Blood serum is generally required for the growth of
cells in vitro and is usually a component of embryo culture
medium.

Chang (1949) determined the presence of a heat

labile factor(s) in human, bovine, ovine, caprine and fowl
serum which is lethal to two-cell rabbit embryos.

In this

study a 10 minute exposure to untreated serum was suffi
cient to kill all exposed embryos.

The factor is elimi

nated by heat treating the serum at 55“C for 3 0 minutes.
Serum provides a poorly defined but rich source of
nutrients and growth factors (mitogens) for cell growth as
well as a macromolecular property to the culture medium.
Bovine serum albumin (BSA) has many properties similar to
those of serum and contains undefined low molecular weight
proteins, fatty acids and steroids (Kane, 1978).

BSA can

be substituted for serum in many instances to maintain
adequate iji vitro embryonic development.
The macromolecular property contributed to the culture
medium by serum and serum proteins is poorly understood.
Without some type of macromolecule in the medium, embryos
become very sticky and difficult to handle and often float
in the culture medium.

Polyvinylpyrrolidone (PVP), with a

molecular weight of 150,000, can be substituted for serum
proteins.

PVP maintains adequate macromolecular properties

of culture medium for mouse embryos (Brinster, 1965c;
Cholewa and Whitten, 1970).
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Serum and BSA can also act as a chelating agent.
Whittingham (1972) demonstrated the ability of serum
protein to remove the toxic effects of copper from culture
medium.
Two-cell mouse embryos require BSA or PVP plus the
constituent amino acids of BSA for optimal in vitro
development (Brinster, 1965c).

Cholewa and Whitten (1970)

obtained normal in vitro and in vivo development of two
cell mouse embryos cultured in medium containing PVP in
place of a a fixed nitrogen source.

In contrast, hatching

and attachment of mouse blastocysts during in vitro culture
has been reported to be dependent on fixed nitrogen sources
including essential amino acids and a non-dialyzable compo
nent of serum (Cholewa and Whitten 1970; Spindle and
Pedersen, 1973; McLaren and Hensleigh, 1975).
Kane and Foote (1970) determined that a component in
the diasylate of bovine serum stimulated in vitro blasto
cyst formation in rabbit embryos cultured from the two- and
four-cell stage.

This component was very stable and was

not affected by boiling, freeze drying, treatment with IN
HCL or IN NaOH, exposure to ultraviolet light or ethylenediaminetetracetic acid (EDTA).
Kane (1972) also noted that certain samples of BSA
were capable of stimulating _in vitro hatching of rabbit
embryos.

It was originally suggested that BSA may be

contaminated with proteases which could stimulate zona
weakening and thus hatching (Kane, 1981). In a later study,
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Kane (1983a) determined that the hatching response was not
a result of protease contamination but rather due to a
non-albumin component of the BSA.
Considerable variation exits in the composition of
commercial BSA (Kane, 1983b) and presumably serum as
evidenced by variations in the ability of different batches
of BSA to support specific
blastocyst hatching).

jji

vitro functions (such as

This potential variable must be

considered when interpreting results of experiments and
comparing responses across replicates of treatments.
The importance of BSA in development of embryos from
domestic animals is less evident.

Serum is generally the

preferred protein supplement for embryos of domestic
animals.

The rate of blastocyst expansion for cultured

premorula bovine embryos is greater in medium containing
10% fetal calf serum (FCS) compared with medium containing
.1 to .4% BSA (Wright et al., 1976a,b).
The concentration of serum used in culture medium can
also affect embryonic development.

A 10% concentration of

FCS is superior to 50% FCS for the culture of eight-cell
bovine embryos in H a m ’s F-10 medium (Wright et al., 1976b).
Allen et al. (1982) compared 5% and 10% concentrations of
FCS, newborn calf serum (NCS) and normal steer serum (NSS)
in Ham's F-10 medium for the culture of day 7 bovine
embryos.

While no difference was observed between the 5%

and 10% concentrations, NSS proved superior to NCS which
was in turn superior to FCS in supporting in vitro
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development of bovine embryos.
Wright et al. (1976c) observed no benefit from
increasing the BSA content of serum free Whitten's medium
from .1 to .2% for the culture of day 2 or 3 ovine embryos.
In comparison, Lindner et al. (1983) reported improved
development of one- to 16-cell ovine embryos in Whitten's
medium and Brinster's medium (BMOC-2) when BSA concentra
tions were increased from .1 or .5% to 1.5 or 2%.

Thus,

levels of BSA greater than those originally tested by
Wright et al. (1976c) may be required for the culture of
ovine embryos in serum-free medium.
Cultured porcine embryos benefit from increased
concentrations of BSA.

Wright (1977) reported an increased

percentage of embryos cleaving and an increased cleavage
index for porcine embryos cultured in Whitten's medium
containing 1.5% BSA compared with the same medium with .1%
BSA.

Surprisingly, both BSA concentrations in Whitten's

medium was superior to Ham's F-10 medium with 1.5% BSA.
Davis and Day (1978) have also reported a BSA depen
dence for porcine embryos.

When PVP was substituted for

BSA in modified Krebs-Ringer bicarbonate medium all exposed
four-cell embryos showed signs of degeneration within 24
hours of culture.
Menino and Wright (1982) concluded that Whitten's
medium supplemented with 1.5% BSA was superior to medium
containing 10% porcine serum for the culture of one-cell
swine embryos.

It is interesting to note that Robl and
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Davis (1981) have also reported minimal development of
swine embryos in modified Krebs-Ringer bicarbonate medium
supplemented with 10% porcine serum.

Earlier investiga

tions using porcine serum to hold porcine embryos prior to
recipient transfer did not result in pregnancies (Hancock
and Hove11, 1962; Hunter et al., 1967).

Collectively these

results suggest the presence of a deleterious factor or an
inherent inadequacy of porcine serum for porcine embryos.
In contrast, Shaffer and Wright (1977) reported normal
development of day 6 and day 9 porcine blastocysts in
minimal essential medium (MEM) or Ham's F-10 medium
supplemented with 10 or 40% porcine serum.

Unfortunately

the discrepancy in these results was not addressed in these
reports.
Robl and Davis (1981) concluded that .4% BSA in
modified Krebs-Ringer bicarbonate medium was adequate for
the culture of swine embryos prior to blastocyst formation
(less than 6 days) but that 10% sheep serum or FCS was
required for optimal blastulation and in vitro hatching
(greater than 8 days).

Again during day 10 to 11 of

development another change in culture requirements occurs;
10% serum supplementation is no longer adequate for
continued embryonic development.
In summary, serum and BSA provide a fixed nitrogen
source, energy substrates, a macromolecule property as well
as other potential properties yet defined for the culture
of mammalian embryos.

Bovine serum albumin is generally
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used in instances when a more defined culture medium is
desired and specific nutrient requirements are being
evaluated.

Serum is the component of choice when

attempting to maintain optimum viability of later-stage
embryos of domestic animals.
Energy Substrates
While considerable research has been conducted into
the energy metabolism of preimplantation embryos of
laboratory animals, little comparable information is
available for embryos of the larger animals.
Biggers et a l . (1967) determined that a 5 x 10

—4

M

concentration of pyruvate or oxaloacetate would support
maturation and development of oocytes and one-cell embryos
of mice.

Pyruvate appeared to be the major substrate

functioning at this stage of development.

Using radio-

labeled substrates, Brinster (1967) determined that prior
to the eight-cell stage mouse embryos oxidize more than
twice the amount of pyruvate than lactate and from 3.4 to
over 50 times more pyruvate than glucose.

When pyruvate

was included as the sole energy substrate virtually 100% of
the oxygen consumption of unfertilized ova and 99% of the
oxygen consumption of one-cell embryos can be accounted for
by oxidation of pyruvate.

Comparable values for lactate

oxidation range from 45 to 47%, respectively.
At the two-cell to the four- to eight-cell stage of
development, mouse embryos can utilize pyruvate and
oxaloacetate each at an optimum concentration of
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—4
—2
M, lactate at a concentration of 5 x 10 M and
_2
phosphoenolpyruvate at a 1 x 10 M concentration (Brinster,
3.16 x 10

1965b).

At the eight cell stage a dramatic change in the

metabolism of the embryo occurs.

Malate, citrate, acetate,

glucose, fructose and BSA can all serve as energy sub
strates for mouse embryos at this stage of development
(Brinster and Thomson, 1966).

Brinster (1965b) has also

noted an interaction of energy substrate usage with the pH
of the culture medium.
Pyruvate and fatty acids can also function as energy
substrates for one-cell rabbit embryos (Kane and Foote,
1971; Kane, 1979).

The long chain fatty acids myristic,

palmitic, stearic, oleic and linoleic acids can support
development at a similar rate as pyruvate.

Arachidonic

acid proved toxic, and no embryos developed in medium
containing this substrate.

Of the short chain fatty acids

tested, proprionic and acetic acid each supported a moder
ate level of embryonic development while butyric and
valeric acids were both ineffective in the culture system.
Kane and Headon (1980) have also shown that the fatty acid
moiety of BSA can serve as an energy substrate for embryos.
Defatted BSA does not support development of one-cell
rabbit embryos while medium with defatted BSA and pyruvic,
palmitic or oleic acid restored in vitro development.
Although data are very limited, it would appear
that 16-cell and morula stage bovine embryos can use
a-ketoglutarate but not glucose as the sole carbohydrate
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source (Boone et al., 1978).
The value of fatty acids as energy substrates for
bovine embryos has not been adequately evaluated.
Excellent culture results have been attained using B2
medium which contains acetate (Menezo, 1976).

Renard et

al. (1982) have shown that day 7 and day 8 bovine embryos
are composed of .2% saturated and unsaturated lipids
ranging from

to

chains.

In this study, improved

culture rates of frozen-thawed bovine embryos were achieved
with the addition of a 10% lipid phase to the rehydration
and culture medium.

Volatile fatty acids (especially

acetate) play a major role in energy metabolism of the
adult ruminant and are required for the synthesis of long
chain fatty acids.

This area of bovine, ovine and caprine

embryonic energy metabolism is one of potential signifi
cance and should be evaluated further.
The specificity of energy substrate requirements of
porcine embryos is even less well defined.

Davis and Day

(1978) reported that four-cell porcine embryos would
develop in modified Krebs-Ringer bicarbonate medium
supplemented with .1% glucose.

Lactate and pyruvate were

less effective in supporting development and pyruvate alone
was inhibitive to development.

In contrast, other labora

tories have reported adequate development of porcine
embryos when pyruvate and lactate were included in the
culture medium

(Graves et al., 1977; Wright, 1977; Lindner

and Wright, 1978).
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Bovine serum albumin may also provide a source of
energy substrates for porcine embryos.

When PVP was

substituted for BSA in glucose supplemented medium no
embryonic development occurred (Davis and Day, 1978).

It

is evident that the energy requirements of porcine embryos
and the interaction of energy substrates with other compo
nents of the culture medium, such as BSA, is poorly defined
and warrants further study.
Only two studies have been reported which specifically
evaluated the energy requirements of ovine embryos.
et al.

Boone

(1978) reported that one- and two-cell ovine embryos

would cleave in Brinster1s medium supplemented with pyru
vate and/or lactate but that eight-cell embryos would not
cleave in medium supplemented with only glucose.

In

contrast, Betterbed (1984) noted that glucose supplemen
tation was necessary .for continued development of one-cell
ovine embryos to blastocysts in Brinster's pyruvate medium.
It is clear that while progress has been made in
defining the energy requirements of preimplantation embryos
from laboratory animals, little is known of the specificity
of the metabolic requirements of embryos from the farm
animal species.

In general, very early stage embryos and

oocytes require simple carbohydrates as primary energy
sources and in some instances, fatty acids (rabbits).
development progresses past the eight-cell stage, the
embryo develops an increased ability to utilize more
complex carbohydrates and is less dependent on the

As
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intermediates of glycolysis for metabolism.
Inorganic Salts
Virtually no studies have been conducted to assess the
requirement of specific inorganic salts for culturing
embryos from large mammals.

Systematic investigations of

the function of the major salt constituents of culture
medium for mouse embryos only give a general indication of
ion requirements for other mammalian embryos.
Sodium and chloride ions function primarily as osmotic
regulators and normally comprise the majority of the osmotically active ions in culture medium (Kane, 1978).

No

study has been reported in which these ions have been
appreciably replaced by other ions or osmotically active
molecules.
In 1970, Wales evaluated the requirements and effects
of various ions on the development of two-cell mouse
embryos.

Potassium was reported to be required for embryo

nic development.

When potassium is excluded from the

culture medium cleavage is almost completely inhibited.

A

wide range of potassium (.8mM to 48mM) can be tolerated by
the embryo although extremely high levels result in
swelling of the blastomeres.

Potassium levels in the

oviduct of sheep and mice are higher than those of plasma
(Restall and Wales, 1966; Borland et al., 1977).

At least

two culture media have been developed in which elevated
potassium levels are used to mimic those of the repro
ductive tract (Tervit et al., 1972; Menezo, 1976).
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Calcium is also required for cleavage of two-cell
mouse embryos (Wales, 1970) and for compaction of mouse
embryos at the morula stage (Ducibella and Andersen, 1975).
Calcium apparently plays a role in cell cleavage and is
required for intercellular binding.

Concentrations of .4mM

to lOmM calcium are adequate to maintain normal development
of murine embryos.
Magnesium and phosphate ions are less important for
maintenance of embryonic development.

In vitro blastocyst

formation from two-cell embryos is possible, although
somewhat depressed, in the complete absence of these ions.
The exclusion of sulfate from culture medium has no
noticeable effect on the

in vitro development of two-cell

mouse embryos.
Bicarbonate serves as a buffer for cultures performed
in an atmosphere of elevated C02 concentrations but is also
required for normal in vitro embryo development. Brinster
(1972) and Quinn and Wales (1973) observed depressed
development of early-stage mouse embryos when bicarbonate
was excluded from the culture medium.

Bicarbonate-free

Hepes buffered medium supported the development of one-cell
rabbit embryos to the morula stage, but a minimum of .31mM
bicarbonate was required for blastocyst formation (Kane,
1975).
Osmolarity and Hydrogen Ion Concentration
Results of studies with embryos from laboratory ani
mals indicate that a wide range of osmolarity is compatible
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with in vitro development.

Optimal development of two-cell

mouse embryos to blastocysts occurs at an osmolarity of 276
mOsm (Brinster, 1965a).

Nalgee et al. (1969) also observed

that more two- to four-cell rabbit embryos developed to
hatching blastocysts at an osmolarity of 270 mOsm than at
230, 250, 310 or 330 mOsm.

Thus, the optimal osmolarity

for embryos in. vitro appear to be slightly lower than that
of normal body fluids.

Similar responses have been

observed for human and mouse fibroblasts and lymphocytes in
culture (Eagle, 1955; Trowell, 1963).
Hydrogen ion concentrations also affect embryonic
development.

Brinster (1965a) observed blastocyst forma

tion by two-cell mouse embryos cultured at a pH range of
5.87 to 7.78.
this study.

The optimal pH appeared to be near 6.82 in
It is important to note that Brinster (1965b)

also reported an interaction between pH and energy source
utilization.

For this reason, an overall effect unique to

pH is difficult to assess and may vary between various
culture media and possibly among stages of embryonic
development.

Kane (1974) observed that one—cell rabbit

embryos would develop to blastocysts at a pH range of 6.64
to 7.91.

The optimal pH for blastocyst expansion and

hatching in this study was 7.6 and 7.3, respectively.
Buffer systems used to regulate the pH of medium may
influence embryonic development.

The primary buffers used

for cell and/or embryo culture are Hepes buffer and sodium
phosphate buffer; each is used in atmospheric air.

Bicar-
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bonate buffer is used in conjunction with an elevated C02
atmosphere.

Kane (1975) observed that one-cell rabbit ova

developed to morulae in Hepes buffered medium without
bicarbonate, but that a minimum of .31mM bicarbonate was
required for blastocyst formation.
replacing the bicarbonate

As previously reviewed,

buffer of culture medium with

phosphate depresses the development

of mouse cultures

(Brinster, 1972; Quinn and Wales, 1973).

The depression is

apparently due to an embryonic requirement for bicarbonate
ions rather than a direct

effect of pH since Hepes and

phosphate are known to be

efficient pH buffers.

Embyronic tolerance of Hepes buffer is less clear and
Hepes may even be toxic to embryos.

Bovine embryos did not

develop in MEM containing 25mM Hepes buffer (C.R. Looney
unpublished data).

Also, concentrations of Hepes buffer

greater than lOmM have a deleterious effect on the percen
tage of mouse embryos developing to blastocysts during
culture (Loumaye et a l ., 1984).
Gas Atmosphere and Culture Systems
The type of gas atmosphere used in an in vitro culture
system will be dependent on the type of pH buffer used in
the culture medium.

Phosphate buffered medium is often

used for short-term culture of embryos and maintains a pH
of approximately 7.2 to 7.4 in atmospheric air.

As

discussed in preceding sections, mammalian embryos do have
a requirement for bicarbonate.

If cultures are to be

extended greater than 8 to 12 hours, the embryos are
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usually maintained in a bicarbonate buffered medium.

A

25mM concentration of sodium bicarbonate in an atmosphere
of 5%

CO2

maintains a pH of 7.4 and satisfies embryonic

bicarbonate requirements.
The benefits of a bicarbonate buffer system are two
fold.

First, it provides required bicarbonate ions.

It

has been shown that mouse embryos begin to fix C02 from
bicarbonate at the eight-cell stage (Wales et al., 1969?
Graves and Biggers, 1970; Quinn and Wales, 1971).

The

second benefit stems from the reduced 0 2 tensions produced
by increasing C02 concentrations to 5% in the gas mixture.
Embryos are not anaerobic; a minimum of 1.15% 0 2 is
required for normal embryonic development (Auerbach and
Brinster, 1968).

However, it should be noted that 02

levels of 95 to 20% are toxic or at least inhibiting to
development of mouse embryos (Whitten, 1957a; Whitten,
1969).

At present, the commonly used gas mixtures consist

of 5% C02 in air or a mixture of 5% CC>2 » 5% 02 and 90% N 2>
Nitrogen is considered an inert factor in these mixtures.
There is some question as to which of the gas mix
tures provide an optimum environment for embryos of
domestic farm animals.

Tervit et al. (1972) observed

optimal development of early cleavage stage ovine embryos
in synthetic oviductal fluid (SOF medium) under an atmos
phere of 5% 0 2>

Wright (1977) reported similar results for

premorula-stage porcine embryos as well as for bovine
embryos (Wright et al., 1976b).

Other results with ovine
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embryos cultured in microdrops (Wright et al., 1976c;
Betterbed, 1984) have not supported this finding.
indicate no difference between a 5% CO 2

Results

in air atmosphere

and an atmosphere of 5% CC>2, 5% 0 2 and 90% N 2 «

The

differences between gas atmospheres in these experiments
could be due to other variables in the culture conditions.
An interesting hypothesis concerning the role of
oxygen tensions and cellular differentiation has also been
proposed by Quinn and Harlow (1978).

In this study,

blastocysts developing from one- and two-cell mouse embryos
cultured in an atmosphere of 20% C>2 had fewer blastomeres
than did embryos cultured in a 5% 0 2 atmosphere.

It was

proposed that an oxygen gradient may exist between the
outer- and inner-most blastomeres of an embryo.

The

exterior cells at a higher oxygen tension develop more
slowly and form trophectoderm while interior cells at a
lower oxygen tension develop more rapidly and form the
inner cell mass.
Three basic culture systems are used for holding
embryos in vitro; glass or polystyrene stoppered tubes,
glass or plastic wells and microdrops of medium covered
with an overlay of paraffin oil.

Culture tubes must be

equilibrated with the appropriate gas mixture prior to
stoppering while microdrops and culture wells are
maintained in a sealed gas filled chamber or in an
incubator with continuous regulation of the gas atmosphere.
In each instance, the gas is humidified to prevent evapo
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ration of medium.

Paraffin oil must be equilibrated with a

10% volume of the culture medium without serum proteins
prior to use {Whitten, 1971).

The microdrop system has two

deficiencies suggested by Whitten (1971).

The first is

that the gas phase of the medium is difficult to adjust
once covered with an oil overlay.

The second is the

possibility of partitioning medium components between the
aqueous and oil phases.

The oil overlay does, however,

help to maintain the pH of bicarbonate buffered

culture

medium during handling in atmospheric air and will block
the entrance of contaminants into the culture medium.
Only one experiment has been reported in which any of
these culture systems were directly compared.

Menino and

Wright (1981) observed greater viability of one-cell
porcine embryos cultured in stoppered glass tubes, with or
without an oil overlay compared with embryos cultured in
microdrops under oil.

It was suggested that accumulation

of metabolic by-products or nutrient depletion may have
contributed to the reduced cleavage observed in the
microdrop system.

In contrast, Cole and Paul (1965)

observed a decrease of viability of early cleavage stage
mouse embryos when cultured in large quantities of medium.
It was determined that optimum development occurred at a
ratio of 10 embryos per 30 mm
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of medium.

At this stage there is little evidence to support the
supremacy of any one of these culture systems over the
others since respectable results have been achieved with
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each system.

It appears that there are too many other

variables affecting embryonic development such as species,
embryo stage and culture medium, to be able to generalize
differences in culture systems.

To this author's knowledge

a controlled experiment comparing these systems has not
been reported in the scientific literature.
Coculture System
A novel approach to the culture of preimplantation
embryos is the coculture of embryos with a feeder layer of
normal or transformed cells.

Cole and Paul (1965) first

reported the use of a feeder layer for the culture of mouse
embryos.

In this study, culture of two- and four-cell

mouse embryos on an irradiated layer of HeLa cells
increased the percentage of embryos hatching from 0% in
Waymouth's medium alone to 25 to 40% and 50 to 70%,
respectively.

Hatched blastocysts attached to the sub

stratum and initiated an outgrowth of trophoblast cells.
The outgrowth of trophoblast cells was achieved by mechan
ical displacement of the HeLa cells.

In a subsequent

study, Salomon and Sherman (1975) determined that iri vitro
attachment of mouse embryos to substratum, unlike in vivo
implantation, was independent of progesterone and/or
estrogen exposure.
The dji vitro development of bovine and porcine embryos
can also be improved with coculture procedures.

Kuzan and

Wright (1982a) reported an increase in the percentage of
bovine morulae developing to hatched blastocysts when
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cultured in MEM on a monolayer of bovine uterine or testi
cular fibroblast cells.

Medium alone, medium conditioned

by exposure to fibroblasts and coculture with endometrial
explants did not support development of the morulae to
hatching as effectively as coculture with fibroblasts.
In two similar studies, Kuzan and Wright (1982b)
evaluated the response of porcine embryos to the coculture
system.

In the first experiment, it was reported that

porcine morulae developed through hatching at a similar
rate whether grown in medium alone, medium conditioned by
fibroblast cells or when cocultured with bovine uterine
fibroblasts.

Coculture with bovine testicular fibroblasts

significantly depressed the rate of blastocyst formation.
In the second experiment, Kuzan and Wright (1982b)
concluded that when the in vitro culture was initiated at
the blastocyst stage bovine uterine fibroblasts were
superior to conditioned or fresh medium for supporting
development of blastocyst hatching.

The reason for the

discrepancy between the results of these two experiments
with porcine embryos is not clearly evident.

It was

suggested that the jln vitro culture requirements of porcine
embryos may change as the embryo progresses to the blasto
cyst stage? blastocyst stage embryos benefit from the
coculture system while morulae do not.
Allen and Wright (1984) observed an increase in
cleavage indices of four-cell to morula stage porcine
embryos cocultured with endometrial or ovarian fibroblasts.
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It was concluded that direct contact between the embryo and
the monolayer was required to stimulate embryonic develop
ment.
Recently, a coculture system has been used to improve
the growth of very early stage bovine embryos (Camous et
al., 1984).

At early cleavage stages, bovine embryos are

difficult to culture due to a developmental "block" occur
ring at approximately the eight- to twelve-cell stage
(Thibault, 1966).

In the study by Camous et al. (1984),

the development of one- to eight-cell embryos was improved
by coculture with trophoblastic vesicles.

The percentage

of one-, two-, four- and eight-cell embryos developing to
morulae when cocultured with trophoblastic vesicles was 42,
38, 50 and 70% compared with only 18, 8, 17 and 30% for
embryos cultured in medium alone.
The advantage of coculture systems for in vitro
culture of mouse and bovine embryos and possibly swine
embryos remains unclear.

Cole and Paul (1965) suggested

that the cell monolayer may influence the availability of
pyruvate and/or lactate which are crucial and limiting to
early embryonic development.

Kuzan and Wright (1982a)

hypothesized that the cellular monolayer might remove toxic
substances from the culture medium.

Allen and Wright

(1984) postulated that the embryo might initiate fibroblast
synthesis of a beneficial substance via direct cell-toembryo contact.

In contrast, the coculture system des

cribed by Camous et al. (1984), which uses trophoblastic
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vesicles, may function without direct cell-to-embryo
contact.

The spherical shape of the trophoblastic vesicles

can preclude cell-to-embryo contact but yet provide a
superior in vitro culture environment.
Concluding Remarks
It is evident that successful in vitro culture of
mammalian embryos is the result of a complex interaction of
many factors.

Much remains to be determined in order to

devise conditions for maximum dji vitro development of farm
a n ima1 embryos.
An important aspect to remember when considering in
vitro culture systems is that the ability of an embryo to
develop in vitro does not necessarily infer an equal abil
ity of the cultured embryo to develop following subsequent
transfer to an in vivo environment.

In fact, pregnancy

rates of embryos transferred after long term in vitro
culture are generally lower than those of embryos trans
ferred immediately following collection (Renard et al.,
1980; Camous et al., 1984).

These findings indicate a need

for in vivo viability assessments as an ultimate evaluation
AH vitro culture systems.
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CHAPTER II
COCULTURE OF MICROMANIPULATED BOVINE EMBRYOS
Introduction
Recent research has demonstrated the feasibility of
selectively producing monozygotic twin calves with micro
manipulation techniques (Lambeth et al., 1982; Ozil et a l .,
1982; Williams et al., 1982).

The viability of micromani

pulated embryos maintained iri vitro prior to recipient
transfer has not been adequately evaluated.

Since micro

manipulated embryos are often held for varying lengths of
time prior to transfer, an evaluation of the in vitro
procedure is deemed necessary.
Studies have been conducted in an attempt to obtain
optimal in vitro development of bovine embryos.

Wright et

al. (1976a,) first reported the growth of premorula bovine
embryos through blastocyst expansion and hatching in vitro.
In these studies it was observed that Ham's F-10 medium was
superior to other commonly used media for culture of bovine
embryos.
Recently, satisfactory in vitro development of bovine
embryos has been obtained by the coculture of morula stage
embryos in minimum essential medium (MEM) with a monolayer
of bovine fibroblast cells of either uterine or testicular
origin (Kuzan and Wright, 1982a).

Using this culture

system, 12 of 30 morulae developed into hatched blastocysts
as compared with only 1 of 29 morulae cultured in medium
33
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without the cellular substratum.

Similar results have been

reported for porcine embryos cocultured on uterine fibro
blasts (Kuzan and Wright, 1982b) and for murine embryos
cocultured with irradiated HeLa cells (Cole and Paul,
1965).
The following experiment was conducted to evaluate the
efficacy of two in vitro culture systems for the growth of
micromanipulated bovine embryos.

To the authors knowledge

halved bovine embryos have not been evaluated in a cocul
ture system.
Materials and Methods
Experimental Animals
A group of six mature Brahman crossbred cows and
heifers served as embryo donor females.

The animals were

maintained on native summer pastures located near handling
facilities and supplemented daily with 4.5 kg of a 70% TDN
ration (12% crude protein). Twice daily estrus detection
was performed at 0600 and 1800 hours with the aid of a
penile-deflected teaser bull fitted with a chin ball
marking device.
Superovulation of Donor Females
Beginning on days 8 to 12 of the estrous cycle (estrus
= day 0) each donor female was administered twice daily
injections of follicle stimulating hormone (PSH; FSH-P®:
Burns-Biotec, Omaha, NE) until the onset of estrus.

On the

third day of FSH treatment each donor was administered (IM)
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35 mg of prostaglandin P2a(Lutalyse®: Upjohn Co., Kalamazoo,
MI) at 0600 hours and another 2 5 mg at 1800 hours to induce
luteolysis.

Each female was inseminated with one unit of

frozen semen from an Angus bull at 12, 24, and 36 hours
after the onset of estrus.
Embryo Collection
Non-surgical embryo recovery was performed at 6.5 to
7.0 days following induced estrus.

Each uterine horn was

individually flushed using a 16 to 20 French two-way Foley
catheter (C.R. Bard, Inc., Murray Hill, N J ) introduced into
the uterine lumen via the cervix.

Individual plastic

disposable 60 ml syringes (Monoject®, Sherwood Medical, St.
Louis, MO) were used to deliver and retrieve the phosphatebuffered saline flushing medium (PBS; appendix table 1).
Recovered embryos were washed twice in modified PBS
(appendix table 2) and held at room temperature (20 to 226C)
for micromanipulation.
Embryo Micromanipulations
Prior to manipulation, transferrable quality embryos
were individually placed into wells of a 24-well culture
plate each containing approximately .5 ml of modified PBS.
Embryo manipulations were performed with right and left
hand Lietz micromanipulators and a Wild M-8 stereomicroscope (E. Leitz, Inc., Rockleigh, NJ) at a 75X magnifica
tion.

Modified PBS was placed in the lid of a sterile,

plastic petri dish (90 mm diameter), which served as the
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manipulation vessel.

Each embryo was individually trans

ferred from the 24-well culture plate to the manipulation
vessel for bisection.
During the embryo splitting procedure, each embryo was
held by a polished suction pipette.

Negative pressure was

applied with the use of a Hamilton 1 ml threaded plunger
syringe attached by rubber tubing to the embryo holding
pipette.

A finely drawn glass needle was used to make a

rent in the zona pellucida (ZP).

Each embryo was then

bisected on a vertical while in the ZP to produce similarly
proportioned DE.

Both DE were then removed from the ZP

using the glass needle.

The DE pair was then placed back

into the storage well until all remaining embryos were
bisected.
Experimental Design and Treatment Groups
Each of 40 DE pairs was allotted across two treatment
(Trt) groups in a completely randomized design which was
adjusted for DE size and quality grade.

One DE of each

pair was assigned to Trt (A) and cultured in Ham's F-10
medium supplemented with 10% FCS,
3).

(HF-10; appendix table

The remaining DE of each pair was placed in a modified

coculture system of uterine fibroblast cells in HF-10 (Trt
B).

All cultures were performed in 24-well culture plates

in a humidified atmosphere of 5% CO 2

in air.

Preparation of Fibroblast Cultures
The uterus of a nonpregnant Holstein cow was obtained
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at slaughter and stored on ice for 3 to 4 hours until the
tissue was harvested.

Endometrial samples were aseptically

removed from the uterine horn ipsilateral to the ovary
bearing a diestrous corpus luteum.

Tissue was collected

approximately 8 cm from the utero-tubular junction and
immediately placed into Hank's Balanced Salt Solution
(HBSS).

Under a laminar flow hood, the tissue was dissect

ed into explants consisting of 2 mm tissue cubes.

The

explants were washed twice more in HBSS and placed onto the
growth surface of 24 cm
Glass, Oneonta, N.Y.).

plastic culture flasks (Corning
A small amount of HF-10 (2 to 3 ml)

was added to each flask so that the surface tension of the
medium aided in maintaining contact between the explants
and the growth surface.

Within 7 days fibroblasts had

migrated out from the explants.

Ten days following

seeding, 10 ml quantities of medium were added to each
flask and explants were allowed to float off the surface.
The medium in the culture flasks was replaced twice weekly
and the flasks were trypsinized (.05% trypsin, appendix
table 4) at 14 day intervals to seed additional 75 cm

o

culture flasks.
Monolayers for DE culture were prepared by seeding
24-well plates (Linbro Scientific, Inc., Hamden, CT) with 8
x 104 viable fibroblast cells per well 3 days prior to use.
Medium in the 24-well plates was replaced at 3-day inter
vals through the duration of the trial.
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Analysis of Data
Observations of embryonic development were performed
at 12-bour intervals using a Leitz inverted phase contrast
microscope (125X) until structural degeneration was appar
ent.

Viability of the cultured DE was based on obvious

progression through later growth stages, symmetrical
appearance of the blastomeres, lack of pyknotic blastomeres, maintenance of an expanded blastoceolic cavity and
overall integrity of the cell mass (Shea, 1981).
At each 12-hour observation interval, a viability
score of ."0" was assigned to DE judged as degenerating or
degenerate and a score of "1" assigned to those DE judged
viable.

Differences in viability scores were evaluated by

analysis of variance for the effect of Trt (A and B), Time
in vitro (12, 24, 36, 48, 60 and 72 hours) and the two-way
interaction of these variables while accounting for repeat
ed measures on each DE within a Trt (Cochran and Cox,
1957).
Results
A total of 60 embryos was recovered from five of the
six superovulated donor females.

This resulted in a mean

of 12 embryos per female for the five successful donor
collections.
ized ova.

The remaining donor produced only unfertil

Forty embryos ranging from Grade 1 blastocysts

to Grade ‘3 morulae were selected for micromanipulation, of
which 39 of these (97.5%) were successfully bisected into
DE and included in the experiment.
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Analysis of developmental rates of these DE indicated
that Trt, Time in vitro and the interaction of Trt over
Time iji vitro each affected the growth of cultured DE
(appendix table 5).

Viability was greater (P<.001) when DE

were cocultured with the uterine fibroblast cells in HF-10
than when DE were cultured in HF-10 alone.

The mean

percentage of DE classified viable during the initial 72
hours of culture was 30.8% for Trt (A) compared with 66.2%
for Trt (B).

Viability of DE across both culture systems

decreased (P<.001) with time ranging from 56.4% viable DE
at 12 hours to 39,7% viable DE at 72 hours of culture.
The percentage of DE developing when cultured in HF-10
alone decreased more rapidly than did the percentage of DE
maintained on the uterine fibroblast monolayer (P<.05).
The percentage of DE remaining viable at 12, 24, 36, 48, 60
and 72 hours of culture was: 43, 33, 28, 21, and 18% for
Trt (A) and 69, 69, 69, 67, 62 and 62% for Trt (B),
respectively (figure 1).
In addition, 14 DE (35.9%) in Trt (B ) attached to the
cellular substratum and initiated trophoblastic outgrowth
at a mean (+SE) of 174+21 hours in culture.

Four of these

DE had remained as intact blastocysts for 11.5 to 17.5 days
in vitro before attaching to the monolayer.

These respon

ses were not observed for any DE cultured without the
cellular substratum (Trt A ) .
Discussion
Viability was greater for DE cocultured on uterine
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Figure 1.
culture.

In vitro viability of demi-embryos in HF-10 medium with or without monolayer
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fibroblast cells as compared with those cultured in HF-10
medium alone.

In fact, the percentage of DE viable when

cocultured with the cellular monolayer was 1.6 times
greater at 12 hours of culture and 3.4 times greater at 72
hours of culture.

Since each recovered embryo was repre

sented as a DE within both treatment groups and an attempt
was made to equalize the proportion of good and poor
quality DE across both treatments, these results are
interpreted as differences in the ability of the two
culture systems to support in vitro development of DE
during both short-term and long-term culture.

Recently,

Picard et al. (1984) and Baker and Shea (1985) reported
rapid degeneration of bovine DE grown in culture medium
without a monolayer culture system.
These results also demonstrate the ability of zonafree bovine DE to develop during in vitro coculture.
Previously, Massey et al. (1982) reported that intact
bovine embryos recovered on days 2 to 9 post-estrus
developed in culture following enzymatic (pronase) removal
of the zona pellucida.

More recently, Hoppe and Bavister

(1983) reported normal in vitro development of hamster and
bovine embryos following enzymatic and/or mechanical
removal of the zona pellucida.

Similar findings have been

reported for the in vitro culture of zona-free embryos from
mice (Bronson and McLaren, 1970) and sheep (Trounson and
Moore, 1974a).

Edwards (1964) observed that denuded rabbit

embryos could cleave during in vitro culture; however, the
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blastomeres were not cohesive and tended to dissociate.
Enhanced survival of intact bovine and porcine embryos
cocultured with a fibroblast monolayer has been 'reported
(Kuzan and Wright, 1982a,b).

The reason(s) for the advan

tage in embryonic development with the monolayer coculture
system has not been determined.

Kuzan and Wright (1982a,b)

suggested that the fibroblast might remove a toxic sub
stance or release a beneficial factor into the culture
medium.

Previously, Cole and Paul (1965) suggested that a

feeder layer of HeLa cells may influence the available
supply of lactate and pyruvate in the culture system.
Allen and Wright (1984) concluded that direct cell to
embryo contact was required for the monolayer to effect
ively improved development of porcine embryos.

It was

suggested that the embryo may stimulate the monolayer cells
to produce a beneficial substance for embryos in culture.
Improved growth of epithelial cells has also been achieved
when cultured on a feeder layer of irradiated 3T3 cells
(Green et a l ., 1977).
In contrast, Baker and Shea (1985) noted no advantage
to culturing DE on a monolayer of bovine luteal cells.

It

is not surprising that a monolayer of luteal cells actively
secreting progesterone would not be conducive to in vitro
embryonic development.

Previous experiments have demon

strated toxicity of progesterone when included in culture
medium for two-cell to early blastocyst stage mouse embryos
(Whitten, 1957b; Daniel, 1964; Kirkpatrick, 1971).
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Chang (1952) carefully described in vivo elongation of
bovine blastocysts.

In this description, blastocysts were

observed to be spherical on days 8 to 9, oblong 'or tubular
by days 12 to 13 and had begun to develop into filamentlike structures by days 13 to 14. Subsequent observations
on embryos recovered from superovulated cattle have
suggested that some variability may exist in the transition
of bovine embryos to these later developmental stages
(Betteridge, 1977).
In the present study, bovine blastocysts did not
elongate during in vitro culture, but remained as intact
spherical blastocysts until attachment to the substratum or
degeneration (figures 2 and 3).

Blastocysts which had not

attached within 7 days of culture became pyknotic in
appearance and the inner cell mass became less well defined
(figure 4).

Such blastocysts were none the less capable of

attaching to the substratum and initiating outgrowth of
cells which appeared to originate from the trophoblast
(figure 5).
The 3 5.9% rate of attachment of DE to the cellular
substratum observed in this study was similar to that
reported by Kuzan and Wright (1982a) when culturing day 5
intact morulae on monolayers of uterine or testicular
fibroblasts.

Attachment of the DE required a mean of 174

hours while in vitro (corresponding to day 14 of develop
ment) .

This finding was also in agreement with that

observed for intact bovine embryos placed on a monolayer

Figure 2.

Expanded blastocyst which developed from a
bisected day-7 embryo after 84 hours of culture
in Ham's F-10 medium (250X).

Figure 3.

Expanded blastocyst which developed from a
bisected day-7 embryo after 132 hours of
coculture in Ham's F-10 medium with a uterine
fibroblast monolayer (250X).
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Figure 4

Bisected day-7 blastocyst developing as an
intact blastocyst after 324 hours of in vitro
coculture (250X).

Figure 5.

Bisected day-7 bovine blastocyst following
attachment to the cellular substratum (125X).
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(Kuzan and Wright, 1982a).

Unexplainably, a marked

variation in the time of attachment for DE in this study
was observed.

Attachment to the monolayer occurred between

72 and 420 hours while in culture.
These findings demonstrate the ability of bisected
bovine morulae and blastocysts to develop during in vitro
culture.

It is also evident that bovine DE do not require

a zona pellucida for continued development in vitro.

These

results are in agreement with recent findings from this
laboratory that pregnancy rates resulting from non-surgical
transfer of zona-free DE were similar to those achieved
with intact embryos and DE replaced in a zona pellucida
(Voelkel et a l ., 1984a,b).
The uterine cell monolayer culture system proved
excellent for both short-term and long-term culture of
bovine DE.

The use of this relatively simple coculture

system can provide an excellent culture environment for in
vitro assessment of embryos following various micromani
pulation procedures.

The coculture system seems a likely

alternative in cases where using the sheep oviduct culture
system is not possible or practical.

Also, considering the

excellent results which are obtained using this type of
coculture system, there may be a benefit in using coculture
for holding embryos prior to transfer or freezing in liquid
nitrogen.

CHAPTER III
AN ATTEMPT TO PRODUCE QUARTER EMBRYOS FROM NON-SURGICALLY
COLLECTED BOVINE BLASTOCYSTS
Introduction
Recently the birth of the first calves from quartering
a day 7 bovine embryo was reported (Voelkel et al., 1985).
Bovine off-spring from early stage quarter embryos have
been previously reported (Willadsen and Polge, 1981;
Willadsen et al., 1981).

However, in the latter reports

early stage embryos were manipulated by blastomere
separation techniques and the quarter embryos embedded in
agar for culture in the oviduct of a ewe prior to final
transfer to a recipient female.
Since the more recent finding indicates that a single
quarter embryo produced from a day-7 late morula can
maintain pregnancy, it is of interest to determine if even
later-stage bovine embryos can be successfully divided into
quarter embryos.

The objective of this experiment was to

assess two micromanipulation procedures for producing
quarter embryos from bovine embryos which have begun
blastulation.
Materials and Methods
Experimental Animals
Four Brahman crossbred cows served as embryo donors in
this study.

The cows were maintained on fall pastures and
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supplemented with 4.5 kg of a 70% TDN, 12% crude protein
ration per head per day.

The mean body weight of the donor

females was 502.5 kg at the start of the study.

The mean

body condition score was 7.0 (1 to 10 scale).
Superovulation and Embryo Collections
Each donor female was superovulated with twice daily
injections (IM) of 5 mg follicle stimulating hormone
(FSH-P®: Burns-Biotec, Omaha, NE).
prostaglandin

A 25 mg injection of

(Lutalyse®, Upjohn Co., Kalamazoo, MI) was

administered with the fifth and sixth FSH-P® injections to
induce luteolysis.

Donor females were artificially insemi

nated with one unit of frozen semen from a Holstein bull at
12 and again at 24 hours after the onset of estrus (day 0).
Non-surgical embryo collections were performed at 7.0
days following the onset of estrus.

Each uterine horn was

individually flushed using an 18 French foley catheter
(C.R. Bard Inc., Murray Hill, NJ).

The embryo recovery

medium (appendix table 1) was injected into the uterine
lumen using 60 ml disposable plastic syringes (Monoject®,
Sherwood Medical, St. Louis, MO).

Recovered embryos were

washed in a modified phosphate-buffered saline holding
medium (appendix table 2) and individually placed into
wells of a 24-well culture plate (Linbro Scientific,
Hamden, CT).
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Treatment. Groups
Harvested embryos were allotted by donor female and
developmental stage across three treatment groups (Trt).
Embryos in Trt (A) were split into quarter embryos using
micromanipulation techniques developed in this laboratory.
In Trt (B ) each embryo was divided into "half" embryos.
Each half was held for 2 to 4 hours in modified PBS to
allow for re-expansion of the trophoblast.

Each half

embryo was then split a second time taking care to divide
the inner cell mass and trophoblast cells between each of
the resulting quarters.

Embryos in Trt (C) were handled

similarly but not micromanipulated.

Embryos in this group

served as intact controls for overall embryo viability.
Micromanipulation Procedure
Quartering of the embryos was achieved using right and
left hand Leitz micromanipulator units.

Each embryo was

held with a heat-polished suction pipette while a finely
drawn glass knife was used to make a rent around 60% to B0%
of the circumference of the zona pellucida (Willadsen,
1979).

The embryonic cell mass was then removed from the

zona and allowed to settle to the surface of the manipu
lation vessel (the lid of a 90 mm diameter plastic petri
dish).

Each embryo was positioned so that when the glass

knife was lowered on a vertical plane the inner cell mass
and trophoblast were equally divided between the two halves
(Lambeth et a l ., 1983).

In Trt (A) each half embryo was

immediately bisected on a plane parallel to that of the
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original cut so that inner cell mass and trophoblast cells
were again equally divided between the resulting quarters.
The micromanipulation procedures used to produce quarter
embryos in Trt (B) were the same as those for Trt (A);
however, the half embryos were held in culture to allow
re-expansion of the trophoblast prior to splitting each
half into quarter sections.

Embryos in Trt (C) were

handled similarly but were not micromanipulated.
In Vitro Culture of Micromanipulated Embryos
Each intact embryo in Trt (C) and each set of quarter
embryos in Trts (A) and (B) were cultured in individual
wells of a 24-well plate with 1 ml of Ham's F-10 medium
(HF-10, appendix table 3) and a monolayer of bovine uterine
fibroblast cells.
Bovine uterine fibroblast cultures were established by
dispensing 1 mm cubes of explanted endometrial tissue using
.25% trypsin (appendix table 6) and plating the disassocia
ted cells in plastic tissue culture flasks (Corning Glass
Works, Oneonta, NY) containing HF-10 medium (appendix.table
3).

The culture medium was replaced twice weekly and the

flasks trypsinized (.05% trypsin, appendix table 4) at 14
day intervals to seed additional culture flasks.

Wells for

coculture of embryos with cellular monolayers were prepared
4
by seedxng 8 x 10 viable cells in each well 3 days prior
to use.

All cultures were performed at 37°C in a humidified

atmosphere of 5% CO 2

in air.
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Viability Assessments of Quarter Embryos
Each embryo or group of quarter embryos was observed
at 12 hour intervals using a Nikon Diaphot® inverted
microscope and phase contrast optics (100X).

Quarter

embryos were considered viable if the embryo re-expanded to
form a blastocyst with discernible inner cell mass and
normal appearing trophoblast tissue.
Results
A total of 45 embryos ranging from early blastocyst to
expanded blastocyst stages were randomly allotted in this
experiment {table 1).

Of the 15 embryos allotted to Trt

(A), 13 were successfully quartered (86.7%) and a total of
54 quarter embryos were placed into culture.

In vitro

culture results for Trt (A) are shown in table 2.

Only 8

of the 54 quarter embryos (14.8%) developed into blasto
cysts during the 48 hour culture interval.
Fourteen of the 15 embryos allotted to Trt (B) were
successfully bisected producing 28 half embryos (table 3).
Eighteen of the half embryos re-expanded during culture
(64.3%) and 17 of these (94%) were successfully bisected
into quarter embryos.

During coculture with the fibroblast

monolayer 6 of the 34 quarter embryos (17.6%) and 1 of 9
half embryos (11.1%) which had not been bisected into
quarters developed into blastocysts.
In contrast to the results in Trts (A) and (B), 10 of
15 (66.7%) control embryos in Trt (C) developed during
culture (table 4).
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TABLE 1.

DISTRIBUTION OF EMBRYOS ACROSS TREATMENT GROUPS

Treatment group
A

B

C

10

10

8

Blastocyst

4

4

6

Expanded blastocyst

1

1

1

15

15

15'

Embryo stage
Early blastocyst

Total
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TABLE 2.

IN VITRO DEVELOPMENT OF QUARTER EMBRYOS PRODUCED
IN TREATMENT (A)

Item

Number

Total embryos
Embryos successfully quartered
(%)
Total quarter embryos produced
Number in which blastulation occurred
(%)
a

15
13
(86.7)
54a
8b
(14.8)

Includes two quarter embryos produced from one half
of an^embryo.
Four sets of twin embryos.
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TABLE 3.

IN VITRO DEVELOPMENT OF QUARTER EMBRYOS PRODUCED
IN TREATMENT (B)

Item
Total embryos

Number
15

Embryos successfully halved
(%)

14
(93.3)

Halves that re-expanded
<%)

18a
(64.3)

Halves successfully quartered

17

Quarter embryos cultured

34

Number in which blastulation occurred
<%)

6
(17.6)

aNine half embryos that did not re-expand were also
cultured on the monolayer.
Only one developed into a
blastocyst (11.1%).

TABLE 4.

IN VITRO DEVELOPMENT OF INTACT EMBRYOS IN
TREATMENT (C) (CONTROL)

Item
Total embryos
Embryos in Which blastulation occurred
(%)

Number
15a
10
(66.7)

aThese embryos were representative of those used in
treatments (A) and (B).
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Discussion
As an embryo develops from the late morula to early
blastocyst stage a noticeable differentiation of the
embryonic cells occurs and trophoblast cells become
visible.

At this and later stages, the embryo must be

bisected so that each resulting portion will contain cells
that will give rise to trophoblast and inner cell mass
tissue.

In the present study, an attempt was made to

bisect the embryos such that an equal sampling of the two
cell types occurred in each resulting portion.
It is evident from the results of this preliminary
experiment that quartered embryos produced at the early
blastocyst stage or later have considerably reduced
viability.

In contrast, Willadsen and Polge (1981)

reported that 77% of the quarter embryos produced from
pairs of blastomeres separated at the 8-cell stage
developed to normal appearing blastocysts when embedded in
agar and cultured in the ligated oviduct of a ewe.

Also,

quarter embryos produced by aspirating blastomeres of day 5
bovine morulae into quarter portions followed by agar
embedding and oviductal culture resulted in 73% development
(Willadsen et a l ., 1981).
Although embryonic development can proceed at a normal
rate following a 75% reduction in cell mass, the dissection
technique used in the present study may have been more
traumatic to the embryonic cells than expected.

Using the
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dissection technique described herein on later-stage
embryos did result in some degree of cellular damage.

In

contrast, the blastomere separation technique of Willadsen
et al. (1981) used on day 5 and earlier embryos consists of
gentle aspiration to separate the blastomeres.

There is

little doubt that excessive damage to the quartered embryos
could have reduced viability of these embryos in culture.
Willadsen (1981) has demonstrated that single blasto
meres of 8-cell embryos seldom produce normal viable
blastocysts.

It would appear that a minimum number of

blastomeres are required for cellular differentiation to
occur at blastulation.

Similarly, reducing the cell number

of later-stage embryos use in this study, beyond 75% the
normal complement, is incompatible with embryo survival.
In a previous report, where twin calves were produced by
quartering a day 7 embryo (Voelkel et al., 1985), the
quartered embryo was at the late morula stage and was much
easier to bisect without trauma than those embryos that
have progressed to blastulation stages.
These findings indicate that quartering of later-stage
bovine embryos is likely not feasible for routine use.
There is evidence that earlier cleavage stage embryos may
be more acceptable for these procedures (Willadsen, 1981r
Willadsen and Polge, 1981; Voelkel et al., 1985).

Live

offspring have been born following the non-surgical
transfer of individual quarter embryos to recipient females
(Voelkel et al., 1985).

Also in a preliminary trial, four
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live births (including one set of monozygotic twins) have
been produced following the transfer of 12 quarter embryos
to individual recipient females.

With each birth the

quarter embryos were produced from excellent quality late
morulae recovered from the donor on day 7 following estrus.
At this stage of evaluation there is still some question as
to the ability of an individual viable quarter embryo to
maintain pregnancy at a rate equal to that of half or
intact embryos.

CHAPTER IV
THE EFFECT OF PUNCTURING THE ZONA PELLUCIDA
ON BLASTOCYST HATCHING
Introduction
During early stages of development the mammalian
embryo is encased in an acellular mucoprotein membrane
termed the zona pellucida.

At early cleavage stages the

zona is required to protect the blastomeres from mechanical
disruption (Bronson and Mclaren, 1970; Molinski, 1970;
Trounson and Moore, 1974a) and forms an effective barrier
to certain pathogenic agents (Singh, 1984; Wrathall, 1984).
Beginning at the late morula stage, the embryonic cell mass
undergoes compaction and the blastomeres become more cohe
sive.

At this developmental stage the embryo can survive

in vivo without an intact zona pellucida.

The bovine

embryo will normally hatch from the zona pellucida within 3
days after reaching the compaction stage (Betteridge,
1977).

In the superovulated cow, hatching usually occurs

on day 8 to 10 postmating.
There is some evidence that the hatching process might
be an anatomical

barrier to development, which the embryo

must overcome to remain viable.

Ayalon (1978) noted an

increase in embryo degeneration from 17% on days 6 to 7 of
the cycle to 28% by days 8 to 10 in cows of normal fertil
ity.

This coincides with the expected time of hatching for

embryos of superovulated cattle (Betteridge, 1977).
59

60

Linares and King (1980) observed that morphologically
abnormal day 7 bovine blastocysts had fewer cells than
those classified as normal.

Micromanipulation studies have

shown a relationship between the number of viable blasto
meres present during early development and the size of the
resulting blastocyst.

Blastocysts developing from embryos

in which half the blastomeres have been destroyed or
removed are approximately half the normal size and likewise
quarter blastocysts are smaller in diameter than half
blastocysts (Tarkowski, 1959; Willadsen et al., 1981;
Lehn-Jensen and Willadsen, 1983).
A reduction in embryonic cell mass due to spontaneous
cell death or as a result of freezing damage may not
necessitate embryonic death, but may reduce the ability of
an embryo to expand and exert pressure on an intact zona
pellucida during the hatching process.

Scanning electron

microscopy identifies stretched fibers at the angle of the
rent in the zona pellucida supporting the theory that the
rupture is a result of mechanical stretching of the zona
and not biochemical lysis (Flechon and Renard, 1978).
The following study was conducted to evaluate whether
a puncture in the zona pellucida would enhance the hatching
ability of the embryo.

A second objective was to evaluate

whether mechanically disrupting the integrity of the zona
pellucida would induce embryos to split into twin blasto
cysts during the hatching process ("autotwinning").
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Materials and Methods
Donor Females
Ten mature Brahman crossbred cows were used as embryo
donor females in this study.

The cows were maintained on

winter pastures and supplemented with 4.5 kg per head per
day of a 70% TDN ration (12% crude protein).

The experi

mental animals weighed a mean of 525.6 kg with a mean body
condition score of 7.5 (1 to 10 scale) at the start of the
project.

Each female was superovulated with twice daily

injections (IM) of 5 mg follicle stimulating hormone
(FSH-P®, Burns-Biotec, Omaha, HE).

Luteal regression was

induced with two injections of 25 mg prostaglandin F2a
(Lutalyse®, Upjohn Co., Kalamazoo, MI) each administered
with the fifth and sixth FSH-P® injections.

The donor

females were mated by natural service at the onset of
estrus (day 0) to two fertile Angus bulls and/or arti
ficially inseminated with one unit of frozen semen at 12
and 24 hours following the onset of estrus.
Embryo Recovery
Non-surgical embryo recoveries were performed at 7.0
to 7.5 days following the onset of estrus.

Each uterine

horn was individually flushed using an 18 French Foley
catheter (C.R. Bard, Inc., Murray Hill, NJ) and plastic
disposable 60 ml syringes (Monoject®, Sherwood Medical, St.
Louis, MO) to deliver and retrieve the phosphate-buffered
embryo recovery medium (appendix table 1).

Embryo recovery
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medium was collected directly into sterile Pyrex® glass
evaporating bowls.

The medium was searched for embryos

using low magnification stereomicroscopy (10 to 20X).
Recovered embryos were transferred to plastic 35 mm
diameter petri dishes (Falcon, Oxnard, CA) containing 3 ml
holding medium (appendix table 2).

The embryos were held

at room temperature (20 to 2 2 °C) for evaluation and
assignment to treatment.
Evaluation of Embryos
Each embryo was evaluated for developmental stage and
quality grade using a Wild M-8 stereomicroscope (E. Leitz,
Inc., Rockleigh, NJ) at a magnification of 100X.

Embryo

grades ranging from 1 for highest quality to 4 for degene
rate were assigned to the embryos based on uniformity of
blastomere size and granulation, degree of blastomere
extrusion, symmetry of the zona pellucida and developmental
stage correct for the stage of the cycle (Shea, 1981).
Good quality embryos (grades 1 and 2) ranging from early
blastocyst to blastocyst stages were selected for random
assignment to treatment groups.
Experimental Groups
Seventy-five embryos were randomly allotted by donor
female to one of three treatment (Trt) groups in a
completely randomized design.

Using a simple micro

manipulation procedure the zona pellucida of each embryo
(n=25) in Trt (A) was punctured three times in the region
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of the inner cell mass (ICM).

The zona pellucida of

embryos (n=2 5) in Trt (B) was punctured three times in the
region opposite that of the inner cell mass at the apex of
the trophoblast.

Twenty-five control embryos in Trt (C)

were placed into the micromanipulation vessel, but the zona
pellucida was not punctured.
Micromanipulation of Embryos
Each embryo allotted to a Trt was placed into fresh
holding medium for storage (_< 2 hours) prior to puncturing
the zona pellucida.

Micromanipulations were performed with

right and left hand Leitz micromanipulators and a Wild M-8
stereoraicroscope equipped with an eyepiece micrometer
calibrated with 9 micron units.

The lid of a sterile

plastic petri dish (90 mm diameter), containing 10 to 15 ml
of holding medium served as the micromanipulation vessel.
Experimental embryos were transferred to the manipulation
vessel and the diameter of the embryonic cell mass (exclud
ing the zona pellucida) was recorded.

Embryos in Trts (A)

and (B) were then held by a heat-polished suction pipette
while a finely drawn glass needle (tip diameter estimated
at < 3 microns) was used to puncture the zona pellucida at
the designated location.

The three punctures performed on

each embryo were made in close proximity to each other to
produce a localized weakening of the zona pellucida.
Embryos in Trt (C) were placed into the micromanipulation
vessel and handled with the microinstruments to facilitate
measuring but were not punctured.

During and immediately
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following treatment the embryos were maintained at room
temperature (20 to 22°C) until transferred to the final
culture medium.
In Vitro Culture of Embryos
Groups of three to five embryos within a Trt were
cultured together in wells of a 24-well culture plate
(Linbro Scientific, Inc., Hamden, CT).

Each well contain

ing 1 ml of H a m ’s F-10 medium (HF-10) with 10% fetal calf
serum (appendix table 3) and a monolayer of bovine uterine
fibroblast cells.
Bovine uterine fibroblast cells were harvested from
explants of bovine endometrial tissue recovered from the
uterus of a slaughtered diestrous cow.

Tissue explants

were dissected into 1 to 2 mm cubes and plated directly
into 2 5 cm

2

plastic culture flasks (Corning Glass, Oneonta,

NY) or exposed to a .25% trypsin solution (appendix table
6) for 30 minutes in a spinning flask (37°C) to disperse the
uterine tissue.

Tissue explants or dispersed cells were

maintained in HP-10 medium which was replaced with fresh
medium twice weekly.

As the fibroblast cells proliferated,

the flasks were treated with .05% trypsin (appendix table
4) to release the cells and seed additional 75 cm 2 and 150
2
cm flasks at 14 day intervals.
Wells containing cells for embryo coculture were
seeded with 8 x 10
days prior to use.

4

viable cells and 1 ml HF-10 medium 3
The medium in each well was replaced

the day when the embryo coculture was intiated.

All
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cultures were maintained in at 37°C humidified atmosphere of
5% CC>2 in air.
Observations and Statistical Analysis
The embryos were observed at 12 hour intervals until
hatching was completed or 96 hours of culture had elapsed.
Analysis of variance was performed to compare differences
in the mean embryo size prior to treatment, the time hatch
ing was initiated and completed and the size of hatched
blastocysts among treatment groups.

Individual treatment

differences were compared with appropriate orthogonal
contrasts (Steel and Torrie, 1980).
Results
Seventy-five embryos of similar quality and develop
mental stage were allotted across three treatment groups
(table 5).

The mean (+SE) diameter (pretreatment) of

embryos allotted to the treatment groups were similar
(appendix table 7) at 150.5+3.1, 151.2+2.9 and 146.2+4.2 lira
for embryos in Trt (A) (B) and (C), respectively (table 6).
The time of culture at which iri vitro blastocyst
hatching was first observed was not influenced by puncture
of the zona pellucida (appendix table 8).
trend, however,

There was a

for hatching to be initiated earlier in

culture when the zona pellucida had been punctured (Trt A
and B) than for control embryos in Trt (C) (table 7).
Blastocysts in Trt (A) and (B) initiated hatching at a mean
(+SE) of 28.9+3.7 and 36.0+5.1 hours of culture.

In

TABLE 5.

DISTRIBUTION OF DEVELOPMENTAL STAGES OF EMBRYOS ACROSS TREATMENTS

3

Number of embryos
Treatment

Early blastocysts

Blastocysts

Expanded blastocysts

A

Puncture at ICM

5

17

3

B

Puncture at apex

5

15

5

C

Control - no puncture

8

13

4

aEmbryo quality grades 1 & 2.
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TABLE 6.

MEAN PRETREATMENT DIAMETER OF EMBRYOSa

Treatment

Number
of embryos

Diameter
(y m)

A

Puncture at ICM

25

150.5
+3.1

B

Puncture at apex

25

151.2
+2.9

C

Control - no puncture

25

146.2
+4.2

Mean plus or minus standard error.
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TABLE 7.

MEAN INTERVAL OF IN VITRO CULTURE WHEN BLASTO
CYST HATCHING WAS INITIATED

Treatment

Number
of embryos

Time of batching
(hours)

A

Puncture at ICM

22

28.9
+3.7

B

Puncture at apex

21

36.0
+5. i

C

Control - no puncture

23

40.2
+4.1
~~

aMean plus or minus standard error.
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contrast, non-punctured control embryos in Trt (C) initia
ted hatching at 40.2+4.1 hours of culture.
Puncture of the zona pellucida caused a shortening of
the time required for blastocysts to complete hatching in
vitro (appendix table 9).

Embryos with punctured zonae in

Trt (A) and (B) hatched at 48.9+5.8 and 43.5+4.4 hours of
culture, respectively (table 8), compared with 61.1+4.8
hours for control embryos in Trt (C) in which the zona
pellucida was not punctured (P<.05).
Zona puncture did not influence the diameter of
hatched blastocysts (appendix table 10).

Mean diameters of

241.7+11.1, 240.2+12.1 and 258.9+7.7 ym were observed for
hatched blastocysts in Trt (A), (B ) and (C), respectively
(table 9).

Linear contrasts for each of these responses

are presented in appendix table 11.

The proportion of

embryos that completed hatching and the proportion judged
viable at the end of the 96-hour culture period was 14/25
and 25/25, 16/25 and 23/25, 21/25 and 21/25 for treatments
(A), (B) and (C), respectively (appendix table 12).
One embryo in Trt (A) and one embryo in Trt (B) were
physically divided into halves by the zona pellucida during
the hatching process.

In each instance, the embryo initia

ted hatching through a very small rupture in the zona and
was constricted by the zona at the hatching site (figure 6)
until complete separation had occurred.

In these cases the

exteriorized portion of the blastocyst attached to the
cellular substratum soon after detaching from the cell mass
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TABLE 8.

MEAN INTERVAL OF IN VITRO CULTURE WHEN BLASTO
CYST HATCHING WAS COMPLETED3

Treatment

Number
of embryos

Time when hatched
(hours)

A

Puncture at ICM

14

8.9b
+5.8

B

Puncture at apex

16

43. 5b
±4.4

C

Control - no puncture

21

61.1°
+4.8

aMean plus or minus standard error.
"b'cValues in the same column with different super
scripts differ at the P<.05 level.
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TABLE 9.

MEAN DIAMETER OF BLASTOCYSTS FOLLOWING HATCHING3

Treatment

Number
of embryos

Diameter
(Vm)

A

Puncture at ICM

14

241.7
+11.1

B

Puncture at apex

16

240.2
+12.1

C

Control - no puncture

21

258.9
+7.7

£

Mean plus or minus standard error.

Figure 6.

Abnormal hatching of a punctured bovine
blastocyst resulting in "autosplitting" of the
blastocyst.
(Notice constricted site of
hatching from the zona pellucida, 400X)

Figure 7.

Bovine blastocyst which split due to abnormal
hatching following zona pellucida puncture.
(Detached portion of extruded blastocyst has
attached to the cellular substratum, 250X).
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retained in the zona pellucida (figure 7).

It was not

possible to verify under stereomicroscopy if inner cell
mass cells had been divided between both halves of the
blastocyst.
Discussion
Hatching of the bovine blastocyst normally occurs at 9
to 10 days following estrus (Renard et a l ., 1976), although
hatched blastocysts can be recovered as early as day 7
post-estrus (Betteridge, 1977).

It is generally agreed

that the blastocyst normally escapes from the zona
pellucida via a localized rupture.

Time-lapse cinema

tography of hatching bovine blastocysts indicate that
"normal" blastocysts expand continuously and regularly
causing the zona to become distended and thin until it
ruptures (Massip and Mulnard, 1980).
In this study, puncturing the zona pellucida did not
significantly influence the time at which the blastocysts
initiated hatching or the diameter of hatched blastocysts.
In contrast, the time at which the blastocysts hatched in
culture was shortened by puncturing the zona pellucida
either at the site of the inner cell mass or at the apex of
the trophoblast.

Since the hatching process is likely the

result of mechanical rupture of the zona pellucida, the
weakening induced by puncturing the zona may function to
reduce the amount of internal pressure which is exerted by
the blastocyst to complete the hatching process.

The size

of the hatched blastocysts was similar between zona
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puncture and control embryos even though hatching occurred
earlier in the in vitro culture period.
Although a lower percentage of embryos completed the
hatching process in the zona puncture groups compared with
the control group {60% of 50 and 84% of 25), the percentage
of embryos which was considered viable at the termination
of the culture period was similar {96% of 50 vs 84% of 25).
Possibly, the weakened zona pellucida of the punctured
embryos relaxed pressure enough to reduce a positive
stimulus for completion of the hatching process.
One embryo in each of the zona puncture treatments
split into halves during the hatching process.

The

mechanism by which this occurred was essentially the same
as that described by Massip et a l . (1983).

Trophoblast

cells protruded through a very small rent in the zona
pellucida and were then pinched off forming two independent
blastocysts.

Within 12 hours of separating, the extruded

portion of each blastocyst had attached to the cellular
subtratum.
These findings suggest that puncturing the zona
pellucida could shorten the duration of blastocyst hatching
and has the potential to induce production of monozygotic
twins through autosplitting of the blastocyst during
hatching.

One cannot rule out that the zona puncture

technique may also have application for improving the
survival of frozen-thawed embryos.

Cellular damage during

freezing can approach 40% in embryos that remain viable
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following freezing (Willadsen et al., 1978; Camous et a l .,
1984).

If the cell mass is reduced to this extent during

freezing, the ability of the resulting blastocyst to hatch
from the intact zona pellucida may be reduced.

In such

instances, puncturing the zona prior to transfer to a
recipient female might improve the viability of the embryo
and thereby increase pregnancy rates.

Also these findings

support the hypothesis that abnormal blastocyst hatching,
whether induced experimentally or naturally occurring, may
be a mechanism for the occurranee of monozygotic twins.

CHAPTER V
PREGNANCY RATES RESULTING FROM NON-SURGICALLY
TRANSFERRED BOVINE EMBRYOS FOLLOWING MICROMANIPULATION
Introduction
The ability to microsurgically bisect bovine embryos
at the developmental stages desired for non-surgical
transfer (morula and blastocysts) could allow for more
diversification in the commercial embryo transplant
industry.

Embryo splitting could increase the number of

embryos available for transfer and produce monozygotic
twins for research purposes.
The first techniques published for producing twin
offspring from micromanipulated embryos of farm animals
involved separation of blastomeres from early cleavagestage embryos.

The isolated blastomeres were then embedded

in agar and cultured in the ligated oviduct of an interme
diate host ewe until the late morula or blastocyst stage
before transfer to the uterus of a final recipient female
(Willadsen, 1979, 1980; Willadsen and Polge, 1981).
Techniques were subsequently described for splitting
embryos at postcompaction stages (morula stage or later)
and immediate transfer of the micromanipulated embryos to
the uterus of recipient females (Lambeth et al., 1982; Ozil
et al., 1982; Williams et a l ., 1982).

The general proce

dure used in each of these techniques involves the use of
three to six microinstruments to free the embryo from the
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zona pellucida, bisect the embryo and reinsert the "half"
embryos into surrogate zonae for subsequent transfer.
The following study was conducted to evaluate preg
nancy rates resulting from non-surgically transferred
intact embryos and half embryos produced by a simplified
micromanipulation procedure developed at this laboratory.
The experiment was designed to use embryo transfer to
evaluate maternal influence of the recipient female on calf
performance;

Micromanipulation of embryos was incorporated

into the study as a means of increasing the number of
embryos for transfer at times when extra recipients were
available at the St. Gabriel Research Station.
Materials and Methods
Embryo Donor Females
A group of 25 straightbred Angus and 3/4 blood Chianina cows ranging from 4 to 11 years of age were used as
embryo donor females.

Body weights of the donor females

recorded at the start of superovulatory treatments ranged
from 405.9 to 782.4 kg and body condition scores ranged
from 6.5 to 8.0 (1 to 10 scale).

The donor herd was

maintained on native grass pastures and/or grass hay as
required and provided free access to fresh water and
mineral supplementation.

Sixty days prior to each breeding

season, a penile-deflected teaser bull fitted with a chin
ball marking harness was placed with the donors and twice
daily estrus detections were performed to monitor
cyclicity.
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Superovulatory Treatment
Starting 1 to 5 days prior to treatment, each donor
female was moved to a small pasture lot in close proximity
to the handling facilities.

Superovulation was induced

with twice daily injections {IM) of 5 mg follicle stimula
ting hormone (FSH-P®, Burns-Biotec, Omaha, NE) beginning on
day 8 to 14 of the estrous cycle (estrus — day 0).

On the

third day of FSH-P® treatment each donor was administered a
single injection of 35 mg prostaglandin F^t

{Lutalyse®,

Upjohn Co., Kalamazoo, MI) or two 25 mg injections at a 10
to 12 hours interval to induce luteal regression.
Each donor female was inseminated with frozen semen
from one Angus or one Chianina bull at varying intervals
following the onset of estrus.
Recipient Females
The embryo recipient herd consisted of 127 randomly
cycling postpartum and nonlactating females.

All recipient

females were the F^ crosses of Angus or Hereford cows with
Chianina, Maine-Anjou or Simmental sires.

The cows ranged

from 7 to 9 years of age at the start of the study and body
condition scores at the time of transfer ranged from 6.0 to
7.5 on a scale of 1 to 10.

Postpartum cows were maintained

on ryegrass pastures and supplemented with 3.0 kg/head/day
of shelled corn for 30 days prior to the start of the
breeding season.

Nonlactating recipient cows were

maintained on ryegrass pastures when available and grass
pastures and/or grass hay during other periods.

All
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animals were allowed free access to fresh water and mineral
s upplementation.
Twice daily estrus detection was performed with the
aid of penile-deflected teaser bulls fitted with a chin
ball marking harness.

Each week the recipient females were

penned and those females to be used as recipients during
the ensuing 7-day interval were separated and maintained in
a pasture in close proximity to the cattle handling
facility.
Embryo Recovery
Non-surgical embryo collections were performed at 6.5
to 7.5 days following the onset of standing estrus.

Each

donor female was restrained on a tilting stock table or in
a squeeze chute and a 16 to 20 French Foley catheter (C.R.
Bard, Inc., Murray Hill, NJ) was positioned in the uterus
via the cervix.

A total of 500 ml of Dulbecco's phosphate

buffered saline (PBS; appendix table 1) was infused into
the uterus and retrieved using exchangeable sterile 60 ml
syringes (Monoject®, Sherwood Medical, St. Louis, MO).
Recovered medium was transferred to sterile Pyrex®
glass evaporating dishes and the embryos isolated using a
stereomicroscope at low magnification (10 to 20X).

Fertil

ized and unfertilized ova were then transferred to a
modified PBS holding medium (appendix table 2).

Embryos

were held at room temperature (20 to 22°C) in the holding
medium for micromanipulation and/or until transfer to
recipent females.
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Micromanipulation of Embryos
Micromanipulation of embryos to form half embryos
(demi-embryos) was performed with right and left hand Leitz
micromanipulators while viewed under a Wild M-8 {E. Leitz,
Inc., Rockleigh, N J ) stereomicroscope (75 to 100X).

The

micromanipulation procedure was conducted in the lid of a
90 mm diameter plastic petri dish containing 3 ml modified
PBS holding medium.
Each embryo was held with a heat-polished suction
pipette while a finely drawn glass needle was used to make
a rent circumventing 60 to 80% of the zona pellucida (ZP).
Bisection of the embryo was initiated by lowering the
needle on a vertical plane through the medial region of the
embryo as previously described in this laboratory (Lambeth
et a l ., 1983).

Completion of the bisection procedure was

achieved by rotating the embryo 90° while adhered to the
glass knife and moving the knife laterally into the side of
the holding pipette.

Often the demi-embryo (DE) was free

of the ZP at the completion of the manipulation procedure.
One DE of each pair was replaced in the ZP using the glass
knife as a probe to position the DE and to open the rent in
the ZP.
When necessary, surrogate ZP were provided from a
stock of frozen (-196“C) unfertilized ova or degenerate
embryos recovered during earlier collection attempts or
from ova recovered concurrently with the experimental
embryos.

Surrogate ZP were prepared by opening a rent with
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the glass knife and aspirating the cell debris with the
holding pipette.
Successfully bisected embryos were placed in fresh
modified PBS.

Each embryo and the resulting DE pair was

held in an individiual well of a 24-well culture plate
(Linbro Scientific, Inc., Hamden CT) before and after
bisection to maintain the identity of each DE through
transfer to the recipient female.
Quality Grades for Intact and Demi-embryos
Each embryo received a subjective quality grade
ranging from 1 for highest quality embryos (no abnormali
ties) to 4 for embryos considered to be the lowest quality
or degenerate.

Criteria considered when grading the intact

embryo included the uniformity of blastomere size and
granulation, degree of blastomere extrusion, symmetry of
the ZP and development stage correct for the donor day of
the estrous cycle (Shea, 1981).
A postmanipulation quality grade was also assigned to
each DE (1 to 4 scale).

This quality grade (1 = highest to

4 = lowest) reflected the cohesiveness of the blastomeres
within the DE cell mass, the amount of trauma induced
during the splitting procedure and the relative size of the
DE following bisection.
Non-surgical Embryo Transfer
Each intact embryo (IE) or DE was drawn into indivi
dual .25 ml French semen straws.

The open end of the straw
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was heat sealed and the straw labelled for identification.
Sealed straws were transported from the laboratory to the
cattle handling facility in a test tube with a waterjacket
(37°c).
Recipient females were restrained in a squeeze chute
and rectally palpated to determine the location of the
corpus luteum.

Using a .25 ml inseminating syringe, a

single DE or IE was transferred via the cervix to the
uterine horn ipsilateral to the ovary bearing the palpable
corpus luteum.
The synchrony of the donor and recipient females was
calculated using the following equation:

recipient day of

cycle - donor day of cycle — synchrony {presented in units
of hours).
Recipient females ranging in synchrony from -60 to +84
hours were used in this experiment.

Donor collections and

transfers were performed on Tuesday, Thursday and Saturday
of each week of the breeding seasons to maximize use of
available recipients. Excess recipients were held for
potential transfer at the next donor collection or were
administered a 35 mg injection of prostaglandin

to

shorten the estrous cycle and synchronize estrus for
subsequent transfer.
General Procedures and Statistical Analysis
Data were collected on palpated pregnancies of
recipient females and verified by subsequent calving
records.

One pregnant recipient (No. 414) died at 213 days
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of gestation and one recipient (No. 360) aborted at 190
days of gestation.

In both instances, necropsy reports

verified the age of the fetus and thus, the origin (donor
female and IE or DE) of the conceptus.

Data presented

herein consists of transfers performed during two distinct
breeding seasons; the first extending from April 15, 1983
to July 30, 1983 and the second extending from November 28,
1983 to January 15, 1984.
Calving rate data were pooled across both breeding
seasons and the pregnancy rates' for IE and DE were compared
by chi-square analysis (Steel and Torrie, 1980).

Pregnancy

rates of all DE were compared between ZP and zona free (ZF)
groups as well as for only the paired observations in which
each embryo was represented as a ZP and a ZF demi-embryo.
The DE and IE were randomly transferred throughout each
breeding season depending on the availability of recipient
animals.

The results represent overall pregnancy rates

achieved from ongoing use of embryo micromanipulation
procedures at the St. Gabriel Laboratory.
Results
Fifty-four non-surgical embryo recoveries were
conducted on superovulated donor females yielding 359 ova
(6.6 ova/collection).

Of the recovered ova, 220 (61.3%)

were considered to be of transferable quality and 149
(67.7%) of these were selected for non-surgical transfer as
IE or DE.

Excess transferable quality embryos were frozen
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and stored in liquid nitrogen for subsequent transfers.

A

total of 214 non-surgical transfers were performed on
recipient females at -60 to +84 hours synchrony in relation
to the donor female.

Ninety-one IE were transferred and 62

embryos were selected for micromanipulation producing 123
DE for recipient transfer.
Distribution of developmental stages within the IE and
DE groups are presented in table 10.

Pregnancy rates

ranged from 18.2% for morulae to 58.1% for blastocysts
transferred as IE.

Demi-embryos produced from late moru

lae, early blastocysts and blastocysts produced pregnancy
rates of 43.4%, 27.% and 37.5%, respectively.
The pregnancy rate for all IE was 46.2% compared with
37.4% for all DE (table 11).
not significantly different
analysis (P>.10).

These pregnancy rates were
as determined by chi-square

Likewise, there was no difference in

pregnancy rates of DE transferred with or without a ZP
(table 11).

Demi-embryos transferred ZF or ZP produced

pregnancy rates of 34% and 39.7%, respectively.
The pregnancy rates for DE by pre- and postmanipula
tion quality grades are presented in table 12.

Of 123 DE

transferred to recipient females 115 (93.5%) were produced
from embryos classified as grade 1 prior to micromanipula
tion and only eight resulted from micromanipulated grade 2
embryos.

Although not significant, there was a trend for

DE with a postmanipulation quality grade of 1 to have a
higher pregnancy rate (41.9%) than DE with a quality grade

TABLE 10.

PREGNANCY RATES FOR INTACT AND DEMI-EMBRYOS BY DEVELOPMENTAL STAGEa

Number of embryos
Stage of
development

Transferred
(no.)

Pregnant
(no.)

Pregnant
(%}

Intact embryos (n=91)
Morula
Late morula
Early blastocyst
Blastocyst
Expanded blastocyst

11
18
16
31
15

2
6
8
18
8

18.2
33.3
50.0
58.1
53.3

Demi-embryos (n=123)
Late morula
Early blastocyst
Blastocyst

67
40
16

29
11
6

43.3
27.5
37.5

aAll embryos were non-surgically recovered on day 6.5 to 7.5 following donor
estrus.
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TABLE 11.

PREGNANCY RATES FOR NON-SURGICALLY TRANSFERRED
INTACT AND DEMI-EMBRYOS

Number of observations
3

State of
embryo

Transferred
(no.)

Pregnant
(no.)

Pregnant
(%)

Intact embryos

91

42

46.2

D emi-embryos
Zona encased
Zona free

123
73
50

46
29
17

37.4
39.7
34.0

aNo significant differences as determined by
chi-square analysis (P>.10).
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TABLE 12.

PREGNANCY RATES FOR DEMI-EMBRYOS BY PRE- AND
POSTMANIPULATION QUANTITY GRADE

Number of observations
Grade of
embryo
Premanipulation
Grade 1
Grade 2
Postmanipulation
Grade 1
Grades 2 & 3

Pregnant3
(%)

Transferred
(no. )

Pregnant
(no.)

115
8

44
2

38.3
25.0

86
20

36
4

41. 9f
20.0

ci Id
' Values under the same subheading and column with
different superscripts differ significantly at the P<.1
level.
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of either 2 or 3 (20%) following micromanipulation (P<.10).
The effect of placing the DE back into a zona pellucida prior to transfer was also evaluated using only paired
observations in which one DE of each pair was placed back
into a ZP for transfer while the second half of each DE
pair was transferred without a ZP (table 13).

No differ

ence was noted between the groups with 16 of 44 recipients
of ZF (36.4%) and 18 of 44 ZP DE (40.9%) resulting in
transfer pregnancies.
Discussion
The distribution of various' stages of embryos
transferred to recipient females is representative of the
variation in embryo developmental rates observed for
superovulated donor cattle on days 6.5 to 7.5 of the
estrous cycle (Betteridge, 1977; Shea, 1981; Wright, 1981).
The overall pregnancy rate for non-surgically trans
ferred IE in this study (46.2%) was within the normal range
of pregnancy rates reported for commercial transfer of
embryos under similar conditions (Wright, 1981; Massey et
al., 1983; Massey et a l ., 1984).

Although not significant,

the pregnancy rate of non-surgically transferred DE was
lower than that of IE transferred (37.4% vs 46.2%,
respectively).

At present, only data are available for the

transfer of DE at other stations.

Original reports of the

transfer of DE pairs to recipient females described preg
nancy rates of 64% for surgical transfers (Ozil et al.,
1982; Williams et al., 1982) and 62.5% for DE pairs
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TABLE 13.

PREGNANCY RATES FOR PAIRED OBSERVATIONS OF
ZONA' FREE AND ZONA ENCASED DEMI-EMBRYOS

Number of observations
State of
embryo

Transferred
(no. )

Pregnant
(no. )

Pregnanta
(%)

Zona encased

44

18

40.9

Zona free

44

16

36.4

cL

No significant differences as determined by
chi-square analysis (P>.10).
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transferred non-surgically (Lambeth et al., 1982).
Recently, Baker and Shea (1985) reported pregnancy
rates of 50%, 54% and 30% for non-surgically transferred
IE, pairs of DE and single DE, respectively.

Furthermore,

Baker and Shea (1985) reported pregnancy rates of 76% for
surgically transferred IE and 64% for surgically trans
ferred single DE in a second trial.

The results of the

present study agree with these other reports and suggest
that it appears that a slight reduction in pregnancy rates
can be expected from the non-surgical transfer of single DE
to recipient females.

Non-surgical transfer of DE pairs or'

surgical transfer of individual DE appears to alleviate
this reduced pregnancy rate.
Experiments by Willadsen et al. (1981) and Lehn-Jensen
and Willadsen (1983) have suggested that reducing the cell
mass of later— stage bovine embryos transferred to recipient
females may reduce the effectiveness of the luteotropic
signal secreted by the embryo which is required to maintain
pregnancy.

Similar findings were reported by Heyman and

Chesne. (1984) for the transfer of frozen-thawed bovine DE,
single IE and pairs of IE.
Heyman (1985) reported that pregnancy rates could be
increased by co-transfer of a trophoblastic vesicle with
frozen-thawed bovine embryos.

It is assumed that the

trophoblastic vesicle increases the amount of luteotropic
substance available within the uterine lumen thus, assist
ing a potentially freeze damaged embryo to maintain luteal
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function during early pregnancy.

Possibly this type of

procedure could be used to further evaluate whether the
slight reduction in pregnancy rate with non-surgically
transferred DE is due to a reduction in the luteotropic
signal or other factors.
DE with a postmanipulation quality grade of 2 or 3
produced lower pregnancy rates (20%) than did grade 1 DE
(41.9%).

As indicated previously, the postmanipulation

quality grade reflects the general appearance of the DE
cell mass, relative size and amount of trauma induced
during the splitting procedure,

Brem et al. (1984)

reported pregnancy rates of 52.4, 28.8 and 5.6% for DE of
excellent, good and poor quality, respectively.

Baker et

al. (1984) and Baker and Shea (1985) have also reported
lower pregnancy rates for poor quality DE.
The effect of transferring the DE within a ZP or
without a ZP was compared in the two analyses.

The first

comparison included all DE transferred and the second
included only observations in which one DE of each pair was
transferred ZF and the remaining DE of the pair transferred
ZP encased.

In each comparison the pregnancy rates were

not significantly different whether or not a ZP was
present.

There has been no report of comparable data for

the transfer of zona free DE. However, previous studies
have shown that once an intact embryo reaches postcompation
stages of development a ZP is not required for in vivo
survival in murine (Bronson and McLaren, 1970; Modlinski,
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1970) ovine (Trounson and Moore, 1974a) and bovine embryos
(Massey et al., 1982; Hoppe and Bavister, 1983).

Apparent

ly, micromanipulation does not reverse this lack of depend
ence on a zona pellucida for iji vivo survival of laterstage bovine embryos.
In the present study DE were placed back into the ZP
by lifting the DE onto the rent in the ZP with the glass
knife and then opening the rent with the knife and allowing
the DE to settle into the ZP by gravity.

Reduced pregnancy

rates have been reported when DE are inserted into surro
gate ZP (Baker et al., 1984; Baker and Shea, 1985).

It has

been suggested that the added manipulation of aspirating
the DE into a transfer pipette and injecting the embryo
into an empty ZP can result in noticeable mechanical
disruption of the blastomeres and result in reduced the
pregnancy rates.

Although these techniques have not been

compared directly, the former technique produces little or
no trauma to the embryo and is preferred by the author.
These data indicate that micromanipulation can be
performed on bovine embryos to produce DE without adversely
affecting pregnancy rates.

In fact, the transfer of DE

produced from 64 transferable quality embryos selected for
micromanipulation resulted in 46 pregnancies (71.8%)
compared with 42 pregnancies from 91 IE transferred
(46.2%).

The results of this study demonstrate the

potential for embryo micromanipulation to be applied to
routine use in instances where extra recipient females are
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available for use.
It also appears that DE need not be placed back into a
zona pellucida for transfer to recipient females.

Elimi

nating this procedure can reduce the need for elaborate and
costly micromanipulation equipment.

Recently, Rorie et al.

(1985) described a technique for splitting embryos with a
simple razor blade without a commercial micromanipulator
unit.

It appears that these manually bisected embryos

could then be transferred directly to recipient females
without the need for reinsertion into a zona pellucida.

SUMMARY AND CONCLUSIONS
Four experiments were conducted to evaluate in vitro
and in vivo viailibty of 39 bovine embryos following
micromanipulation.

The first experiment compared the

viability of bovine demi-embryos in two in vitro culture
systems.

The percent viability of demi-embryos cocultured

in Ham's F-10 medium with a uterine cell fibroblast mono
layer was greater than that of demi-embryos cultured in
medium alone.

Fewer demi-embryos cultured in Ham's F-10

medium were viable at 12 hours of culture and viability
decreased rapidly over time.

In contrast, a high percen

tage of cocultured demi-embryos remained viable throughout
the 72-hour culture period.
These results indicate that the coculture system
provides a superior environment for in vitro development of
bovine demi-embryos.

It is concluded that coculture would

be the system of choice of in vitro assessments of embryo
viability following micromanipulation.
Experiment II was conducted to assess the possibility
of splitting day 7 bovine blastocysts (n=45) into quarter
embryos.

Quartering attempts were performed on blastocysts

using two different protocols.

In each instance, the via

bility of quarter embryos was considerably reduced over
that of intact embryos.

Other findings from this labora

tory indicate that late morula-stage embryos can be
quartered and produce acceptable pregnancy rates.
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It is
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concluded that bovine blastocysts likely cannot be effect
ively quartered using the micromanipulation technique
described herein.

It appeared that the degree of cellular

damage may have been extensive and ultimately resulted in
reduced viability for quarter embryos compared to intact
control embryos.
In Experiment III, blastocyst hatching was evaluated
in bovine embryos (n=75) following puncture of the zona
pellucida at the region of the inner cell mass, at the apex
of the trophoblast and for nonpunctured control blasto
cysts.

Puncturing the zona pellucida shortened the time in

culture when blastocyst hatching was completed, but did not
affect the time when the hatching process was initiated or
the diameter of hatched blastocysts as compared with
nonpunctured controls.

Also one embryo in each of the

zona-puncture treatments split into halves during the
hatching process.

This appeared to be a result of hatching

through the puncture region as opposed to typical hatching
which occurs through a large rent in the zona pellucida.
It was concluded from Experiment III that puncturing
the zona pellucida might increase the ease at which an
embryo can hatch from the zona pellucida.

This might have

an influence on embryos suffering cellular damage due to
frozen storage.

These findings also support the theory

that abnormal blastocyst hatching may be the mechanism for
the occurrence of monozygotic twins.
Experiment IV compared pregnancy rates of days 6.5 to
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7.5 bovine intact embryos and demi-embryos non-surgically
transferred to recipient females.

Also pregnancy rates

were compared for demi-embryos transferred encased in a
zona pellucida and demi-embryos transferred zona-free.
Pregnancy rates were similar between intact embryos and
demi-embryos.

This resulted in a net increase in preg

nancies per transferrable embryo recovered from the donor
females.

Also, no difference was observed in pregnancy

rates of zona encased and zona free demi-embryos.
It is concluded that embryo splitting can be used to
increase the number of embryos available for non-surgical
transfer to recipient females without affecting pregnancy
rates.

Also, bovine demi-embryos (late-morula and blasto

cyst stage) may not require a zona pellucida to survive
non-surgical transfer.

Eliminating this step can simplify

the micromanipulation procedure and equipment required to
perform this procedure.
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APPENDIX TABLE 1. COMPONENTS OF DULBECCO1
'S PHOSPATE
BUFFERED SALINE SOLUTION USED FOR EMBRYO RECOVERY3

Component

CaCl
KC1
MgSO^* 7H 20
NaCl
KHjPO^
NaHgPO^* H 20
Supplemental components
Fetal calf serum
Penicillin
St reptomyc in
Amphotericin-B

g/liter

.10
.20
.10
8.00
,20
2.16
Units/liter
20 ml
lxl0G units
-1 9 u
2.5x10" g

aAll components supplied by GIBCO Co., Grand Island,
NY.
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APPENDIX TABLE 2. COMPONENTS OF THE MODIFIED DULBECCO'S
PHOSPATE BUFFERED SALINE SOLUTION USED FOR
IN VITRO HOLDING, MICROMANIPULATION AND NONSURGICAL TRANSFER OF BOVINE EMBRYOSa

Component
Dulbecco's PBS
Bovine serum albumin (Fraction-V)
Na pyruvate
Glucose
Phenol red (.5%)
Penicillin
Streptomycin
Amphotericin-B
Fetal calf serum

Amount
1 liter
4 g
.036 g
1 9
1 ml
lxlOG units
.1 g
2.5x10" g
10% v/v

aAll components supplied by GIBCO Co., Grand Island,
NY or Sigma Chemical Co., St. Louis, MO.
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APPENDIX TABLE 3.

COMPONENTS OF HAM'S NUTRIENT
MIXTURE F-10

Component

mg/liter

Inorganic Salts
CaCl2• 2H20
CuSO^ • 5H20
FeSO. •7H.O
KC1
KH 2P0
MgSO^ ■ 7H20
NaCl
NaHCO
N a 2HPO„- H zO
ZnSO^ • 7H20

44.1000
.0025
.8340
285.0000
83.0000
152.-8000
7400.0000
1200.0000
290.0000
.0288

Other Components
Glucose
Hypoxanthine
Lipoic acid
Phenol red
Sodium pyruvate
Thymidine

1100.0000
4.0000
.2000
1.2000
110.0000
.7000

Amino Acids
L-Alanine
L-Arginine HC1
L-Asparagine H 20
L-Aspartic acid
L-Cysteine
L-Glutamic acid
L-Glutamine
Glycine
L-Histidine HC1*H20
L-Isoleucine
L-Leucine
L-Lysine HC1
L-Methionine
L-Phenylanine
L-Proline
L-Serine

9.0000
211.0000
15.0100
13.0000
25.0000
14.7000
146.0100
7.5100
23.0000
2.6000
13.0000
29.0000
4.4800
5.0000
11.5000
10.5000
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APPENDIX TABLE 3 (Cont'd)

Component

L-Threonine
L-Tryptophan
L-Tyrosine
L-Valine

mg/liter

3.5700
.6000
1.8100
3.5000

Vitamins
Biotin
D-Ca panthothenate
Choline chloride
Folic acid
i-inositol
Niacinamide
Pyridoxine HC1
Riboflavin
Thiamin HC1
Vitamin B
(Ham, 1963)

.2400
.7150
.6980
1.3200
.5410
.6150
.2060
.3760
1.0000
1.3600
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APPENDIX TABLE 4. INGREDIENTS AND PREPARATION OP .05%
TRYPSIN SOLUTION

Component
NaCl
KC1
Dextrose
NaHC03
EDTA
Trypsin

g/liter
80.0
4.0
10.0
5.8
2.0
5.0

Preparation:
(1) Add 1 liter distilled H 20.
(2) Incubate 1 hour at 37°C with stirring.
(3) Incubate several hours at 4°C with stirring.
(4) Sterilize by filtration and freeze in 100 ml
aliquots.
(5) Add 100 ml of stoch solution to 500 ml water and
then q.s. to 1 liter.
(6) Store at 4°C for 28 days maximum.

APPENDIX TABLE 5. ANALYSIS OF VARIANCE FOR VIABILITY
SCORES OF BOVINE DEMI-EMBRYOS DURING IN VITRO
CULTURE (EXPERIMENT II)

Source

Trt
Embryo
Embryo x Trt
Time
Embryo x Time
Trt x Time
Embryo x Trt x Time
*P<.05
**P< .01
***P<.001

df

Mean
square

F ratio

1
38
38
5
190
5
190

14. 72
1.49
.75
.39
.03
.09
.04

19.72***
2.01*
11.33***
2.39*
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APPENDIX TABLE 6. INGREDIENTS AND PREPARATION OF .25%
TRYPSIN SOLUTION

Component
NaCl
KC1
Dextrose
NaHC03
EDTA
Trypsin

g/liter
8.00
.40
1.00
.58
.20
2.50

Preparation:
(1) Add 1 liter distilled H-,0.
(2 ) Incubate 1 hour at 3 7°C with stirring.
(3) Incubate several hours at 4°C with stirring.
(4) Sterilize by filtration and freeze aliquots (maximum
storage 6 months).
(5) Store thawed solution at 4°C a maximum of 28 days.
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APPENDIX TABLE 7. ANALYSIS OP VARIANCE FOR PRETREATMENT
_________ DIAMETER OF EMBRYOS (EXPERIMENT IV)a _________

Source

df

Treatment
Error

Mean square

2

185.76

72

301.05

No significant difference at the P<.05 level.

F ratio
.62
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APPENDIX TABLE 8. ANALYSIS OF VARIANCE FOR THE EFFECT OF
ZONA PUNCTURE ON THE TIME OF CULTURE WHEN IN
VITRO HATCHING WAS INITIATED (EXPERIMENT IvTa

Source
Treatment
Error

df

Mean square

2

726.17

63

412.65

aNo significant difference at the P<.05 level.

F ratio
1.76
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APPENDIX TABLE 9. ANALYSIS OF VARIANCE FOR THE EFFECT OF
ZONA PUNCTURE ON THE TIME OF CULTURE WHEN IN
VITRO HATCHING WAS COMPLETED (EXPERIMENT IVT

Source
Treatment,
Error

*P<.05

Mean square

F ratio

2

1523.45

3.56*

48

427.46

df
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APPENDIX TABLE 10. ANALYSIS OF VARIANCE FOR THE EFFECT OF
ZONA PUNCTURE ON BLASTOCYST DIAMETER WHEN FIRST
OBSERVED HATCHED (EXPERIMENT IV)a

Source
Treatment
Error

df

Mean square

2

2000.26

48

1712.75

aNo significant difference at the P<.05 level.

F ratio
1.17
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APPENDIX TABLE 11. LINEAR CONTRASTS FOR IN VITRO HATCHING
RESPONSES OF ZONA PELLUCIDA PUNCTURED AND CONTROL
BLASTOCYSTS (EXPERIMENT IV)a

(A)(B) vs (C)
(A) vs (C)
* (P <.05)

Initial
diameter
(um)

Hatched
diameter
(ym)

Time to
hatching
(hours)

4.68

-17.91

i
'j
•
-j
to

Treatment
contrast

.72

-1.53

7.09

Time of
hatching
(hours)
-14.96*
5.36
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APPENDIX TABLE 12. PROPORTION OF ZONA PELLUCIDA PUNCTURED
BLASTOCYSTS VIABLE AND HATCHED BY 96 HOURS OF IN
VITRO CULTURE (EXPERIMENT IV)

Treatment group
Item
Number of blastocysts cultured
Number of blastocysts viable
(%)
Number of hatched blastocysts
<%)

A

B

C

25

25

25

25
(100)

23
(92)

21
(84)

14
(56)

16
(64)

21
(84)
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